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ABSTRACT 
 
Using ideas of materials genome initiative, it is possible to create new materials 
with tailored properties for applications in nanoelectronics, sensing, and catalysis among 
other fields. The contamination of groundwater due to accidental leakage of radioactive 
wastes poses a grave danger to the environment and human life and hence trace 
characterization of these radioactive materials is of paramount importance in nuclear 
forensics and reprocessing. The presence of uranium and plutonium complexes in 
contaminated soil and water around nuclear processing facilities especially after a 
nuclear accident would provide us with critical information to guide a proper and timely 
response. We examine the applicability of graphene-based nanosensor for detection of 
these radionuclides based on ab initio density functional theory and Green’s function 
theory. Changes in the molecular electrostatic potential due to presence of a foreign 
moiety near graphene can be transduced and amplified into current-voltage 
characteristics at nanoscale. By comparing the change in current due to presence of U or 
Pu complexes near a graphene-based sensor, we should be able to detect trace amounts 
of these radionuclides. 
The DNA origami has emerged as a new and promising method to create 
nanostructures with precise atomistic tailored geometries. In addition, these origamis can 
be functionalized or impregnated with specialized single stranded DNA/RNA chains 
(known as aptamers) in order to convert them into biosensors. Thrombin is an enzyme 
directly involved in formation of blood clot which is a major cause of heart attack. We 
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perform molecular dynamics simulations to determine the relative energetics associated 
with the capture of thrombin by a novel biosensor assembly consisting of two aptamers 
attached to a rectangular DNA origami. 
In addition to developing nanosensors, we also apply multi-scale computational 
approach to develop nanocatalysts and describe catalytic reactions happening at the 
surface to design more efficient catalysts. Molybdenum disulfide, (MoS2) being a very 
versatile material for several applications, is an industrial catalyst for hydrotreating 
processes in petroleum refineries. We perform MD simulations on a typical middle 
distillate fraction of crude oil containing thiophene and dibenzothiophene molecules in 
order to determine their relative positions with respect to the catalytic surface previous to 
possible reactions that are then studied with DFT. Furthermore, we analyze MoS2-
graphene and MoS2-boron nitride clusters as possible hydrodesulfurization catalysts.  
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CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW 
 
With current advancement in computational resources, both in hardware and 
software, it is possible to develop nanodevices and nanomaterials with desired 
characteristics and functions using computational tools. Density functional theory 
provides an efficient way to solve electronic structure problem of large clusters at 
reasonable computational cost while molecular dynamics are used to investigate 
dynamic properties of millions of atoms up to few nanoseconds. A combination of these 
powerful tools can enable us to develop nanosensors for various applications like 
detection of radioactive materials in nuclear wastewater, biosensing etc., as well as 
developing new catalysts for improving yield of desired products during a chemical 
reaction. 
 
1.1 Graphene-based Nanosensor for Detection of Fissile Materials 
Although there has been constant decline in number of nuclear power plants in 
operation worldwide in recent years, 11% of our electricity is still met through nuclear 
energy. In countries where petroleum and coal reserves are insufficient to meet the ever-
growing demands of population, new nuclear power plants are being constructed or 
planned. The nuclear energy is advocated as economical and emission-free source of 
energy but the potential hazards and unforeseen disasters (recent accident in Fukushima, 
Japan) have always played on the minds of think tanks and researchers globally. As a 
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consequence, design and fabrication of electronic molecular devices as sensors for 
radionuclides using theoretical and experimental studies is of paramount importance in 
the nuclear community. 
The presence of uranium and plutonium complexes in contaminated soil and 
water around nuclear processing facilities especially after a nuclear accident can provide 
us with critical information to guide a proper and timely response. Uranium and 
plutonium are known to be major constituents dissolved in nuclear waste water in the 
form of chlorides, nitrates, carbonates and sulfates.1-3 Uranium in aqueous solution is 
predominantly present in the form of UO +2
2
complexes1 while plutonium exhibits four 
different oxidation states, III, IV, V and VI; the last two as the dioxo-species PuO +
2
 and 
PuO +2
2
.4 DFT has been heavily used to study the structural properties of these complexes 
as can be seen from literature.2,5-9 The ground state of the plutonyl ion (PuO2
2+) has been 
determined as 3Hg while that of uranyl (UO2
2+) is found to be 1Σg
+.10 The actinyls UO +2
2
, 
PuO +2
2
and NpO2
+ form pentagonal bipyramidal complexes with the surrounding water 
molecules5, with five water molecules strongly bound in equatorial plane. A six-
coordination complex is also reported to be equally favorable for UO +2
2
in aqueous 
solution based on solvation free energy.7 When counter-ions (CO3
2-, OH- and NO3
-) are 
present, one or two water molecules in the first shell are replaced by the counter-ions 
preserving five-fold symmetry. The structure and stability of nitrate and sulfate 
complexes of uranyl and plutonyl have been reported in literature.2 In addition, 
electronic and spectroscopic properties for silicate, phosphate, and arsenate complexes 
 3 
 
of uranyl complexes H2UO2SiO4(H2O)3, HUO2PO4(H2O)3, and HUO2AsO4(H2O)3 and 
carbonate complexes for plutonyl of the types PuO2CO3 and the hydrated forms, 
PuO2CO3(H2O)n (n = 1, 2) have been studied in great detail.
8,9 The maximal number of 
chloride ions in the first coordination sphere of Pu(III) and Pu(IV) ions was found to be 
eight using DFT calculations.11 
There have been few studies also on aquo-chloro complexes of UO2
2+ and U4+ 
ions in aqueous solution both experimentally12-13 and theoretically.14 Using EXAFS 
spectroscopy, formation of UO2(H2O)5
2+, UO2(H2O)4Cl
+, UO2(H2O)3Cl2 and 
UO2(H2O)Cl3
– complexes were observed  as concentration of chloride ions increases. 
For U(IV) ions, U(H2O)9
4+, U(H2O)8Cl
3+, U(H2O)6–7Cl2
2+, and U(H2O)5Cl3
+ complexes 
were found to occur.13 The structure and energetics of aquo-chloro complexes of UO2
2+ 
were investigated using density functional theory and Car-Parinello MD.14 Based on 
their calculations, they found that mono-chloride (UO2(H2O)4Cl
+) is five-coordinated, 
while trichloride complex (UO2(H2O)Cl3
–) is four-coordinated. The dichloride 
(UO2(H2O)nCl2) complex can exist both as four-coordinated or five-coordinated.  
A lot of effort has been invested on studying the structure and dynamics of 
uranyl-nitrate complexes as they are the most probable species present in the extraction 
process of uranium in the PUREX process.15-16  However, there is a lack of 
understanding in terms of relative stability of these species and their dissociation in 
aqueous phase. Using Car-Parinello molecular dynamics, Wipff et al.15 showed that 
mononitrate-hydrate complex of uranyl binds in a bidentate mode in vacuum with three 
water molecules in the first shell thus having a coordination number of 5.  In aqueous 
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phase, they showed that nitrate preferred to bind in monodentate fashion with four water 
molecules in the first shell thus preserving CN of 5. They also claimed that due to low 
complexation constant between uranyl and nitrates, mononitrate may be the most 
dominant conformer present in aqueous phase. Classical MD studies done on uranyl-
nitrate association in aqueous solution also indicated that nitrates prefer to bind in 
monodentate fashion with a small quantity of bidentates.16 However, their study 
indicates that uranyls are present predominantly in divalent ionic form hydrated by five 
water molecules. Classical MD simulations were also performed to study the structure of 
aquo, hydroxyl and carbonate complexes of UO2
2+ ion in bulk water and near hydrated 
quartz surface.1 Their results indicate that uranyl ions exist in pentagonal bipyramidal 
symmetry with hydroxide and carbonates ions replacing water molecules in first shell. 
Carbonates were found to bind in bidentate fashion to the uranyl ion. It is worth 
mentioning that these classical force fields ignore strong polarization and charge transfer 
effects present in uranyl complexes. Pu(VI) being a triplet with an electronic 
configuration of [Rn]5f27s0 has more diffuse f-orbitals available for binding with ligands 
unlike U(VI) which is a singlet with a noble gas electronic configuration. 
The aquo and nitrate complexes of Pu4+ in addition to the aquo-chloro complexes 
of PuO2
2+ have been reported using DFT and scalar relativistic effective core potentials 
(RECP) in vacuum as well as with polarizable continuum solvation model.17 Apart from 
actinyl complexes, the solvation of Pu3+ ion in water was investigated using relativistic 
DFT to determine binding energies and optimized geometries for different coordination 
numbers of water molecules.3 Based on the binding energy of Pu(H2O)n
3+ clusters 
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(n=6,8,9,10,12), Pu(H2O)9
3+ had the largest binding energy. Based on total energy, 
Pu(H2O)8·(H2O)
3+ was found to be more stable than Pu(H2O)9
3+ the difference in energy 
being 0.34 eV.3  The actinides (U3+, Pu3+ and Pu4+) show a higher coordination number 
of 9–10 with water molecules.18-19 A significant amount of research has been dedicated 
to study the hydration of Th(IV) ion. The first coordination sphere of the Th(IV) ion 
calculated using B3LYP hybrid functional and relativistic large core effective core 
potential shows a coordination number of 9 in vacuum.20 The aqueous phase binding 
energy was calculated at the optimized geometry in vacuum by adding solvent effects 
using polarized continuum model. The optimized structure along with ESP charges were 
then used to obtain second shell of water molecules using hydrated ion concept. In a 
follow up paper, solvation effects was included in geometry optimization and the 
coordination number calculated using B3LYP and large core ECP was reported to be 9–
10.21 The bond lengths were similar to the corresponding experimental values for 
Th(H2O)9
4+ complex. Ab-initio calculations on Th/water complex were also reported 
using relativistic Douglas-Kroll-Hess Hamiltonian and ANO-RCC basis-set. Based on 
calculated binding energy, their results indicate that Th(H2O)8.(H2O)2
4+ is most stable 
while Th(H2O)10
4+ is least stable in vacuum.22 The hydration structure of ThCl4 and 
ThBr4 in aqueous solution have also been reported using Car-Parinello molecular 
dynamics as well as classical molecular dynamics using polarizable force field.23 
However, unlike Th(IV) ion, there is a dearth of literature on similar hydration structures 
for the Pu(IV) ion due to its greater complexity for theoretical treatment as an open-shell 
ground state. 
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In a very promising work, Romanchuk et al.24 showed experimentally that 
graphene oxide (GO) has a higher sorption capacity for U(VI) and Pu(IV) ions from 
waste solutions in the presence of common ions such as Na+, Ca2+, NO3
-, Cl-, carbonates, 
and sulfates over a wide range of pH. Therefore graphene oxide (GO) is expected to be 
more effective in removal of radionuclides compared to traditional bentonite clays and 
activated carbon.25 However, there are only few studies done to study interaction of 
these complexes with GO. GO is known to contain a variety of oxygen-containing 
functional groups on its edge and on its basal plane. Though the molecular formula can 
exhibit several variations, common functional groups present are epoxy, carbonyl, 
hydroxyl and carboxylic groups.26-27 The binding of hydrated uranyl cation with oxygen 
containing functional groups of GO was investigated by Wu et al.28. They also studied in 
a recent paper interaction of plutonium and neptunium with GO,29 but they did not 
consider the effect of counter-ions present in the system. Their study however show that 
PuO2
2+ and NpO2
2+ in cation form can covalently bond to oxygen containing functional 
groups. Sun et al. synthesized GO-supported polyaniline composites for sorption of 
U(VI), Eu(III), Sr(II) and Cs(I) from aqueous solution.30 In acidic conditions, 
polyaniline-GO composite has a higher affinity for heavy metal ions due to presence of 
large number of amine and imine functional groups. However, nitrogen-containing 
functional groups have a stronger chemical affinity than oxygen-containing functional 
groups towards radionuclides. Radionuclides can be extracted from oxygen-containing 
functional groups more easily than nitrogen-containing functional groups due to 
irreversible adsorption.30 This is however in contrast to the works done by Wu et al. 
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where they showed than uranyl has a stronger binding with the graphene modified by 
hydroxyl and carboxyl groups than by graphene functionalized by -CONH2 and -
CONMe2 groups.
28 It should also be noted that the sorption experiments were shown to 
depend on pH of the solution. More work needs to be done to clarify the binding nature 
of these radionuclides with GO. 
In order to design a fissile nanosensor, the first step is to identify the major 
radionuclides and their form present in soils and groundwater around contaminated sites 
and production facilities and obtain their optimized structure. Once we identify the 
common complexes present in nuclear waste water, we can obtain their optimized 
structure using a density functional and an appropriate basis-set. Due to their interesting 
electronic properties31-32, graphene has found huge interest in the academic community 
in several applications. Functionalized form of graphene can be utilized as FRET 
biosensors33, transparent conductive films31, environmental pollution management34, 
nuclear waste disposal24, tunable optical devices35, molecular devices36 among several 
other applications. However, covalent functionalization can also lead to loss of those 
properties which make graphene so fascinating. The plasmons (sea of π-electrons on the 
graphene surface) of graphene nanosheets are highly sensitive and likely to be affected 
by the electrostatic field of a single foreign molecule which is reflected in their electrical 
and optical responses.  
Our nanosensor consists of a pristine graphene molecule or a form of GO 
molecule with a carbonyl group in some cases, with two gold contacts attached to its two 
ends. The two contacts are further connected to an external voltage source and the 
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current flowing through the circuit is measured. If any foreign moiety (uranium and 
plutonium complexes) approaches the sensing molecule, it causes a strong change in the 
molecular electrostatic potential of the graphene sensor. The change in electrostatic 
potential can be amplified into a current-voltage characteristic, which is the working 
principle behind graphene-based nanosensors.37-38  
The theoretical current-voltage characteristics are obtained using a combined 
DFT-Green’s function approach39 developed originally to analyze current-voltage 
characteristics in single molecule experiments40-41. 
 
1.2 DNA Origami-based Biosensor for Detection of Enzymes and Proteins 
The DNA origami has emerged as a new and promising method to self-assemble 
DNA into desired two- and three-dimensional shapes. The programmed folding of long 
DNA strands into custom shapes has great potential in nanotechnology applications such 
as nanobiosensors. The field of DNA nanoconstructs by bending long DNA strands was 
first conceived by Ned Seeman at NYU some three decades ago. However, programmed 
folding of DNA strands (hereafter referred as DNA origami) was first reported by Paul 
Rothemund in 2006 only. The DNA origami can act as a vehicle for docking of protein- 
or enzyme-specific aptamers, which are single stranded DNA chains with binding sites 
for specific proteins; and therefore, this origami structure can be used as a biosensor.  
Our biosensor essentially consists of a DNA origami as substrate to which 
sensing molecules or probes are tethered at appropriate locations. The probes in our 
study are single stranded nucleic acid chains known as aptamers which are known to 
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have higher specificity and affinity towards molecular targets like protein, enzymes and 
other small organic molecules. The detection of these targets is usually based on 
Fluorescence Resonance Energy Transfer (FRET) where few nucleotides of the aptamer 
(probes) are modified by using a fluorophore. The energy transfer is distance-dependent 
and shows detectable changes in presence of the target molecules. The electrochemical 
response of the biosensor can also be adopted as a mode of sensing. The temperature-
dependent current–voltage characteristic of a DNA origami solution trapped between 
electrodes has been already reported in literature using a four-probe station.42-43 The 
authors observed high impedance below 240 K and an exponential behavior with respect 
to the inverse of temperature at near room temperature. 
Our work focuses mainly on detection of thrombin, a proteinase (enzyme) 
involved in blood coagulation. The presence of thrombin indicates the existence of blood 
clot. Our simulations not only shows a remarkable selectivity of the nanobiosensor 
assembly for thrombin, but also can be extended to detect biotoxins such as ricin by 
simply choosing proper aptamers. 
 
1.3 Computational Design of HDS Catalysts 
Catalyst design from first principles is a challenge that is becoming reality with 
current advances in computational software and hardware. Over the last decade, 
significant effort has been made to elucidate the reaction mechanisms and to identify 
reaction intermediates using both periodic and finite cluster approaches via density 
functional theory. The hydrodesulphurization (HDS) is one the most important processes 
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in a refinery to remove sulfur containing compounds from petroleum fractions.  Stricter 
legislations now require removing even the most refractory sulfur compounds such as 
alkyl dibenzothiophenes. Although hydrodesulfurization processes have been 
investigated for several decades, considerable research is underway to understand these 
catalytic mechanisms and to develop new chemistries that may be able to improve 
efficiency and reduce costs needed for more efficient processes and more active 
catalysts.    
In this work we focus on the removal of thiophene and dibezothiophene (DBT) 
over both, unpromoted and Ni-promoted MoS2 catalyst using a finite cluster approach.  
Efforts have been made to analyze HDS reactions over both pristine MoS2 as well as 
under industrial conditions.  
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CHAPTER II  
A BRIEF OVERVIEW OF DENSITY FUNCTIONAL THEORY AND THEORY OF 
ELECTRON TRANSPORT* 
 
For a molecular system of N-electrons and M-nuclei, the time-independent 
Schrödinger equation for a non-relativistic system is 
Ĥ; Ψ = Ψ 
(2.1) 
where Ĥ is the total energy operator defined as 
Ĥ = − ℏ
2	 ∇


−  ℏ
2	 ∇


− 





+  



	


+ 



	


 
(2.2) 
and Ψ = Ψ, , … … . ,  is in 3N-dimensional space assuming spin is 
implicitly included. The above equation can be solved analytically for hydrogen-like 
atoms or ions having single electron and the solution is found to be of the form 
Ψ = Ψ,, = , (2.3) 
For a system of two or more electrons, no analytical solution can be obtained in 
closed form as in the case of hydrogen.  Using the Born-Oppenheimer approximation of 
decoupling the electronic and nuclear motion due to huge mass of nuclei compared to 
that of electron, one can partition the wavefunction into electronic and nuclear 
components. 
                                                 
* Reproduced in part with permission from N. Kumar and J.M. Seminario, Design and Applications of 
Nanomaterials for Sensors, Springer Netherlands.  Copyright 2014 Springer 
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Ĥ = Ĥ + Ĥ (2.4) 
where  
Ĥ = − ℏ2	∇


− 





+ 



	


 (2.5) 
or, 
Ĥ =  +  +  (2.4) 
where 
 = − ℏ
2	∇


=kinetic energy of electrons 
 = −





= nuclei-electron interaction energy 
 = 



	


=electron-electron interaction energy 
 
Variational principle: According to this principle, any trial wavefunction for the ground 
state always yields an upper bound to the exact energy E, 
 ≤ Ĥ (2.5) 
and 
 = 

 (2.6) 
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This allows us to choose a basis-set of functions {ui} such that a linear 
combination of them will tend to exact energy. Thus the problem reduces to finding the 
coefficients of linear combination which minimizes equation (2.5). 
 
2.1 Standard ab-initio Methods 
Mean field approximation: Wavefunction is a product of single-electron wavefuntions 
and there is no correlation between motions of two electrons. In other words, each single 
electron sees a smeared out cloud of other electrons and moves in an average potential 
due to other electrons present.  
Ψ = … … (2.7) 
This reduces the 3N-dimensional problem to N 3-dimensional problem. For each 
electron, we can then write44, 
− ℏ
2	∇ − 



+  


 




  =  (2.8) 
The above set of equations is called Hartree equation. However, as per Pauli’s 
exclusion principle that an orbital can have only two electrons of opposite spin and 
electrons are indistinguishable.  This principle puts a restriction on the wavefunction that 
it has to be anti-symmetric with respect to the exchange of electrons and therefore, it has 
to be in the form of a Slater determinant, 
Ψ, , … … . ,  = 1√"! 
 ⋯ 
⋮ ⋱ ⋮ ⋯   (2.9) 
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Substituting the above wavefunction in Equation 2.5, results in the Hartree-Fock 
equations44 
#− ℏ
2	 ∇ − 



$ + 


 
 	



 
+
∗



 




=  
(2.10) 
The second integral is the exchange energy which arises due to in 
distinguishability of electrons. Both Hartree and Hartree-Fock equations are iterative in 
nature.  To solve the wavefunction for one electron, we need wavefunction of other 
electrons in the system i.e. they are self-consistent in nature and the procedure is called 
SCF. 
 
2.2 Density Functional Theory 
Density functional theory (DFT) solves the Schrödinger equation through an 
exact procedure that bypasses the calculation of the wavefunction45. DFT method uses 
the electron density instead of wavefunction to obtain the energy eigenvalues and is 
based on the Hohenberg-Kohn theorems (1964). 
Theorem 1: Ground state wavefunction Ψ, , … … . ,  is a functional of ground 
state electron density & where 
& = " … |Ψ, , … … . , | (2.11) 
In matrix form, & = "(Ψ|) − |Ψ* 
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Theorem 2: Ground state energy is also a functional of electron density, 
 = +&, (2.12) 
Using variational principle, we can then write +&, ≥  
The electronic part of Schrodinger equation for ground state can then be written 
as 
+&, = +&, + +&, + +&, (2.13) 
The classical electron-electron repulsion () can be extracted out of +&, and 
the remainder is called exchange-correlation energy (EXC). 
+&, = +&, + +&, (2.14) 
This results in the Kohn-Sham equations (1965) as shown44, 
-− ℏ
2	 ∇ +  +  + . = / (2.15) 
with & = "∑ || . 
The idea is to use a set of molecular orbitals with a sole purpose of representing 
the electron density of non-interacting electrons that have the same density as the real 
system. 
 
2.3 Basis-sets 
A basis-set is a set of vectors (generally non-orthogonal one-particle functions) 
which span a space used to build molecular orbitals (MO).  These MOs are a linear 
combination of atomic orbitals (LCAO); thus the MOs are also one-particle functions.  
From Schrodinger equation, 
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ĤΦ = Φ 
and Φ = ∑   where ϕm are the coefficients and {um} are the basis functions. 
Substituting in above equation yields: 
Ĥ

= 

 (2.16) 
Multiplying by un
*
 on both sides and integrating over  gives: 
1

 = 2

 (2.17) 
1 = ∗ Ĥ ; 	2 = ∗  (2.18) 
In matrix form, this can be written as: 
+1,Φ = +2,Φ (2.19) 
[H] is the Hamiltonian matrix and [S] is the overlap matrix. If the basis-functions {um} 
are orthonormal, then [S] becomes an identity matrix. 
There are different types of basis-sets available. The smallest basis-set is called 
minimal basis set where each AO is represented by only one basis function called Slater 
type orbital (STO). 
 3,4, 5 = "345!"# (2.20) 
Atomic orbitals (AOs) in most quantum mechanics programs are represented by 
atom-centered Gaussians or Gaussian type orbitals (GTOs) because the simplicity to 
solve the four-center integrals compared to the direct use of hydrogenic functions or 
even Slater type orbitals.   
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$ 3,4, 5 = "345!"# (2.21) 
For example, one STO is constructed with three Gaussian functions, also called 
primitives, in the STO-3G basis set.  Well, the nomenclature relates to the fit the three 
Gaussians to get the Slater orbital.  Then we have double-zeta and triple-zeta basis sets 
where each valence AO is represented by two and three basis-functions respectively and 
the core electrons mostly by just one.  Typical of this type are the common split-valence 
basis sets.  A double split-valence basis set (also named double-ζ) is represented as c-
mnG (also referred to as Pople basis-sets46) where c is the number of primitive 
(Gaussian) functions to represent the core orbitals and the valence orbitals are split in 
two groups: one with m primitives representing the inner valence and another with n 
Gaussians for the outer valence orbitals (for example, the 6-31G).  These rules were 
followed at the earlier days of quantum chemistry but several deviations were made in 
order to provide the best basis sets, especially when second row or higher atoms are 
involved.  For instance, the triple-ζ basis set 6-311G for silicon does not follow exactly 
such distribution of Gaussian primitives.  Often polarization functions (denoted by *) 
and diffuse functions (denoted by +) are added to these basis-sets to make them more 
flexible and therefore to obtain more accurate results. 
 
2.4 Electron Transport Using Greens Function 
To account for semi-infinite metallic contacts attached to the molecule, 
Schrödinger equation is modified as 
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+6,Ψ = +1,Ψ + +Σ,Ψ + 7 (2.22) 
where +Σ, and {s} represent outflow and inflow of electrons from contacts 
respectively.47-48 .The wavefunction  Ψ for the modified Schrödinger equation can be 
written as 
Ψ = 8%7 (2.23) 
where GR is called the retarded Greens function for the molecule including the effect of 
contacts and is defined as 
8% = +6 − Σ − 1,! (2.24) 
In this approach, sometimes called non-equilibrium Green function47-48, the 
Green function G for the whole system in matrix form has infinite dimensions but can be 
partitioned into a set of finite matrices49, 
8 = 9! −: 0−:& 1 − 1 −:&
0 −: 9! 
!
= # 8 8 88 8 88 8 8 $ (2.25) 
The submatrices G and g in above matrix represent Green functions when 
interactions among subsystems are included or excluded, respectively. HC is the 
Hamiltonian of the isolated molecule and E is the electron energy. GM is the retarded 
Green function GR in above equation. The self-energy term Σ accounting for the 
interaction between the molecule and the contacts are calculated as  
Σ = Σ + Σ (2.26) 
where Σ = :&9:. 
The Hamiltonian matrix HC is obtained using DFT calculations where few 
metallic atoms are added to each end of the molecule of interest.  This helps us to 
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describe molecular electronic structure as well as the coupling between the molecule and 
the contacts more accurately.  From the matrix form of the Schrodinger Equation, 
+1',Ψ = /+2,Ψ 
and making  
+1, → +2,!+1', 
The calculated Kohn-Sham Hamiltonian in the atomic basis set can be partitioned 
in submatrices, where the subscripts 1 and 2 refer to the contacts and M to the 
molecule49. 
+1', = #1 1 11 1 11 1 1 $ (2.27) 
The overlap matrix [S] can be also partitioned in similar fashion. The 
Hamiltonian and the overlap matrices for the extended molecule are recalculated at each 
bias field in order to account for the reorganization of the molecular electronic structure 
due to the external field as well as charge transfer between molecule and contacts.  HMM 
is assigned to HC and HiM and HMi are assigned to : and :& respectively.  This simplifies 
the expressions for calculating self-energy terms as 
Σ = 191 (2.28) 
The Green function for nano-contacts (clusters of n Au atoms), gi, can be 
approximated as a diagonal matrix n×n with each element being a diagonal matrix 
proportional to their local, s, p, and dt2e and deg density of states over all atoms 
representing the nano-contacts.   
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9 = 9 ⋯ 0⋮ ⋱ ⋮
0 ⋯ 9  (2.29) 
The DOS and its s, p and d contributions for the gold clusters are obtained from 
the electronic structure of optimized geometry and its converged electronic structure. 
Thus, the Green function for each atom of the metallic contact is given by49 
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 (2.30) 
The rate at which electrons are released from the contacts is given by Γ where Σ 
is the self-energy matrix and Σ& is its adjoint. 
Γ = ;+Σ − Σ&, (2.31) 
where 
8 = +8%,& (2.32) 
The current flowing through the molecule depends on number of electrons 
flowing through the channel given by47 
" = <=ΨΨ& = <=+8,
2>  
 
(2.33) 
where 
8 = 8%Σ8 (2.34) 
and 
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Σ = Γ? + Γ? (2.35) 
The spectral function A of the system contact-molecule-contact is given by 
@ = 8%Γ8 (2.36) 
The trace of matrix A gives the density of state (DOS).  The current through a 
terminal ‘p’ is given by 
6( = Aℎ <=BΓ(@?( − Γ(8C (2.37) 
This further can be modified for current from contact 1 to 
6 = Aℎ <=+Γ8%Γ8,? − ? (2.38) 
The terms f1(E) and f2(E) are the Fermi functions for the two contacts. Hence, 
conductance of the junction can be calculated as   
8 = A
ℎ
 (2.39) 
where   = 	<=+Γ8%Γ8, is called the Transmission function.  The total 
current is obtained by integrating equation (2.38) over energy states, 
6 = 2
ℎ
 	,)*
!*
+?, − ?,, (2.40) 
The applied voltage shifts the Fermi level in the metal contacts by Ef1 and Ef2 up 
and down and the chemical potential of the molecule (D)shifts in between which defines 
the limits for electron transport49-50. 
+ = D − 12  (2.41a) 
and 
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+ = D + 12  (2.41b) 
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CHAPTER III  
SPECIATION OF ACTINIDE SALTS IN NUCLEAR WASTE WATER* 
 
We use density functional theory calculations to study how actinides are dressed 
in nuclear waste water in order to determine the equilibrium structure of common 
uranium, plutonium and thorium salts. We report all structures and energetics of these 
complexes both in vacuum as well as in solution. This information is essential to design 
an effective fissile nanosensor for detecting these radionuclide complexes. Both UO2
2+ 
and PuO2
2+ ions show coordination number of 4-5 with counterions (e.g. chlorides, 
nitrates) replacing one or two water molecules from coordination shell. On the other 
hand, Pu(IV) forms a 8-coordinated first shell when completely solvated as well as in the 
presence of counterions with counterions replacing water molecules in the first shell.  
 
3.1 Introduction 
The ageing nuclear reactors, accidental leakage of nuclear waste and unseen 
nuclear disasters are always a threat to our safety and our environment. One of the first 
measures to avoid a colossal loss due to these unwelcome events is to develop very 
efficient and sensitive nuclear sensor devices in order to catch in the very early stages 
any potential threat.  In this regard, several efforts have been in progress to develop the 
basic science of nanosensors, which eventually will be able to detect atomistic quantities 
                                                 
* Reproduced in part with permission from N. Kumar and J.M. Seminario, J. Phys. Chem. A, Vol 9, Issue 
4, Pages 689-703.  Copyright 2014 American Chemical Society 
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of fissile materials24,37,51-53 based on the extraordinary properties of new materials such 
as graphene compounds.54-55  
The first and foremost information needed to design a nanosensor for detection 
of radionuclides in nuclear waste water is to know in what form actinides atoms are 
present when solvated in water. Density functional theory calculations can be used to 
identify the complexes actinides form with common ions present in contaminated soil 
and water near production facilities. Actinides tend to form strong complexes with 
anions like chlorides, nitrates, carbonates and sulfates. Ab-initio DFT calculations using 
relativistic effective core potentials are convenient and widely used tools to study these 
complexes; a summary of which has been presented in detail in Chapter I.  The uranyl 
(UO2
2+) and plutonyl (PuO2
2+) ions form pentagonal bipyramidal geometries with five 
water molecules in the equatorial plane when completely solvated in water. When 
complexed with counter-ions such as CO3
2-, OH- and NO3
-, the five-fold symmetry is 
retained with counter-ions replacing one or two water molecules in the first coordination 
shell.  Moreover, PuO2
2+ forms stronger complexes with these anions compared to the 
UO2
2+ cation.2  Their affinity also varies with type of counter-ions considering the fact 
that sulfate ions bound more strongly than nitrate ions.2 A lot of work has been done in 
speciation of radionuclide complexes in water using both static ab-initio as well as Car-
Parrinello methods. Most of these works make use of effective core potentials. Car-
Parrinello molecular dynamics (CPMD) calculations performed on uranyl nitrate 
complex showed that mononitrate-hydrate complex may be the most predominant 
species present in aqueous phase.56 Similarly, CPMD calculations for uranyl chloride 
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complexes showed that monochloride-hydrates may be the most probable species 
present.57 Classical molecular dynamics using polarizable force field as well as CPMD 
calculations done for Th(IV) chlorides and bromides indicate that Th(IV) is more likely 
to occur as completely hydrated structure in water.58 Unlike Th(IV) ion, Pu(IV) ion has 
much higher affinity to attract counter-ions due to open-shell ground state 37.  
In this chapter, we calculate relative stabilities of several salts of UO2
2+, PuO2
2+, 
Th(IV) and Pu(IV) ions and their speciation both in vacuum and in aqueous phase 
represented by a conductor-like polarizable continuum model using ab-initio density 
functional theory. The coordination numbers and optimized structures of these 
complexes are critical information for electrochemical response experiments because the 
actinides are more likely to be present in complex forms rather than the bare ions in 
aqueous solution. Their relative stabilities will then determine their likelihood of 
detection. The stable structures thus obtained will be subsequently used in later chapters 
to examine the applicability of graphene-based nanosensor for detection of these species 
based on changes in electrical conductance as outlined in previous chapter. An 
understanding of solvation chemistry of these ions is thus essential to make headway 
progress in development of nanosensors for detection of these species. 
 
3.2 Methodology 
All density functional theory59-60 calculations are performed with the hybrid 
functional B3PW91 which uses Becke exchange61 with some component of Hartree-
Fock62-64 and the correlation functional of Perdew-Wang.65-69 B3PW91 functional has 
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been used successfully in a variety of applications involving nanomaterials,70-76 
nanobiomaterials,77-78 as well as nanosensors,36,79-81 and energetic materials,82-85 among 
others. Stuttgart effective core potential and associated basis set (ECP60MWB_SEG) are 
used for plutonium and uranium86-87, with ECP parameters based on a quasi-relativistic 
level of theory.86-87 For other atoms present in the system, the 6–31G(d) basis set88 is 
used unless mentioned otherwise. The ECP parameters for U and Pu have been derived 
from atomic wavefunctions obtained using a quasi-relativistic level of theory.87,89 All of 
the DFT calculations are performed using GAUSSIAN-0990 program with convergence 
threshold for self-consistent cycle (SCF) set as 10−6 for density matrix and 10−8 for root-
mean- square and maximum density matrix error respectively. Geometry optimizations 
are carried out with the Berny method91-92 and the structures are checked to be local 
minima by running frequency calculations. The zero-point vibrational corrections are 
obtained for all optimized structures from the frequency calculations. In addition we also 
calculate dispersion corrections using the D3 version of Grimme’s empirical 
dispersion93. The uncorrected binding energy (∆Eu) is calculated as the difference in 
total energy of complex and total energy sum of its constituent molecules without any 
correction. The binding energy of each complex is then corrected by adding the zero-
point energy correction (∆ZPE) and dispersion corrections (∆D) to the uncorrected 
binding energy. In order to study bulk solvent effects, we also performed geometry 
optimizations as well as frequency calculations in solution using the Gaussian 09 
implementation of the conductor like polarizable continuum model (CPCM)94-95. The 
CPCM model assumes spheres with scaled UFF radii centered on the atoms and places 
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the solute inside the cavity formed by overlap of those spheres. By default, the 
GAUSSIAN-09 program assumes the molecular surface representing the solute-solvent 
boundary as van der Waals surface. The dielectric constant inside the cavity is same as 
that of vacuum while outside the cavity, the dielectric constant of the solvent is used.  
 
3.3 Quantum Chemistry Results 
In order to have some level of confidence in chosen level of theory, atomic 
ionization potentials are calculated for which precise experimental information are 
available. The ionization potentials provide a rigorous validation test as both open and 
closed shell calculations are required. The first and second ionization potentials of 
thorium, uranium and plutonium were calculated at HF, MP2, CCSD(T) and B3PW91 
procedures using several basis-sets as listed in Tables 3.1–3.3.  The frozen core option 
resulted in excessive mixing of frozen core and valence orbitals in case of ANO-RCC 
basis-set96-97 for MP2 and CCSD(T) calculations due to some valence MOs having 
considerable contribution from the core AOs and therefore we had to include all 
electrons.  As it can be seen ANO-RCC basis-set using Douglas-Kroll-Hess 2nd order 
scalar relativistic calculation performs better than the rest among basis-sets listed in the 
Tables 3.1–3.3. However, ANO-RCC requires enormous computational resources due to 
presence of large number of basis functions. Stuttgart effective core potential and 
associated basis-sets on the other hand provide comparable accuracy at reasonable 
computational resource.  
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Thorium, in open shell configuration, shows a strong multi-reference character. 
B3PW91 functional results in correct ground state of thorium atom which is a triplet 
([Rn]6d27s2), while the HF method yield a different triplet [Rn]5f27s2 for all three 
effective core potentials listed in Table 3.1. Moreover, both MWB60 and MWB60-ANO 
effective core potential and associated basis-sets yield a quintet for thorium atom 
([Rn]5f17s17p2) at HF level which is lower in energy than the triplet ([Rn]5f27s2) with 
energy difference of 11.03 and 28.03 kcal/mol, respectively. Similarly, the B3PW91 
functional identifies the correct ground state of Th1+ ion, which is a quartet ([Rn]6d27s1), 
while the HF yields a different quartet [Rn]5f27s1. In addition, HF results in a doublet 
([Rn]5f17s2) with lower energy than the quartet [Rn]5f27s1. In the case of Th2+ ion, only 
ANO-RCC basis-set yields the correct ground state [Rn]5f16d1, while all other basis-sets 
give a different triplet [Rn]5f17s1 at both HF and B3PW91 levels with only one 
exception: the ECP60MWB basis-set yields a singlet ([Rn]7s2), which has lower energy 
than the triplet ([Rn]5f17s1) with energy differences of 18.82 and 11.42 kcal/mol at MP2 
and CCSD(T) levels, respectively. The first and second ionization potential of thorium 
using B3PW91 functional is calculated to be 6.01 and 12.06 eV respectively. These are 
in good agreement with the experimental values98 of 6.307 and 11.9 eV, respectively.  
 
 
 
Table 3.1. Comparisons of the First and Second Ionization Energies (eV) of Thorium at 
Several Levels of Theorya 
basis-set 
IP I 
HF 
IP I 
MP2 
IP I 
CCSD(T) 
IP I 
B3PW91 
IP II 
HF 
IP II 
MP2 
IP II 
CCSD(T) 
IP II 
B3PW91 
ECP60MWB 
(8s7p6d4f) 
1.90d 1.50e 5.56e 6.08 10.8 d 11.32e 11.56e 12.07 
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Table 3.1 Continued. 
basis-set 
IP I 
HF 
IP I 
MP2 
IP I 
CCSD(T) 
IP I 
B3PW91 
IP II 
HF 
IP II 
MP2 
IP II 
CCSD(T) 
IP II 
B3PW91 
ECP60MWB 
(8s7p6d4f) 
1.90d 1.50e 5.56e 6.08 10.8 d 11.32e 11.56e 12.07 
ECP60MWB_ANO 
(6s6p5d4f3g) 
1.80d 2.26f 3.46f 6.13 10.73d 
12.2
1f 
12.06f 11.96 
ECP60MWB_SEG 
(10s9p5d4f3g) 
1.52f 2.70f 3.11g 6.01 10.89f 
12.1
0f 
12.07g 12.06 
ANO-RCCb 
(13s11p10d8f6g3h) 
7.04 6.62  6.04 7.42 9.17  11.93 
Experimentc    6.307    11.9 
aGround state electronic structures reported in literature89 are Th(3F2) = [Rn]6d
27s2, Th+(4F3/2) = 
[Rn]6d27s1, Th2+(1G4) = [Rn]5f
16d1. IP I = E(cation) – E(neutral); IP II = E(dication) – E(cation). 
bANO-RCC uses Douglas-Kroll-Hess 2nd order scalar relativistic calculation. 
c Experimental values98 
d neutral = quintet; cation = doublet; dication = triplet 
e neutral = triplet; cation = doublet;  dication = singlet 
f neutral = triplet; cation = doublet; dication = triplet 
g neutral = singlet; cation = doublet; dication = triplet 
 
 
 
Resembling thorium, we observed several single determinant wavefunctions 
close in energy to the one of the ground state determinant for uranium, depending on 
level of theory and basis-set employed. We believe that the main electronic configuration 
(slater determinant) has a mixing of other determinants simply due to closeness in 
energies (eigenvalues) with the excited determinants (eigenfunctions). As long as a level 
of theory yields correct energies, we can conclude that the leading configuration 
represents quite well the real wavefunction, which are bypassed anyway by DFT when 
using the electronic density.  Only ANO-RCC basis-set at HF results in correct ground 
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state of uranium atom which is a quintet ([Rn]5f36d17s2) while all other methods/basis-
sets yield a different quintet state.  This is the reason for negative or very low ionization 
energy as listed in Table 3.2.  B3PW91 functional yields the [Rn]5f47s2 quintet for all 
basis-sets used.  ECP60MWB and ECP60MWB-ANO basis-sets yield a triplet excited 
state [Rn]5f16d37s2 at HF level, which is lower in energy than the corresponding quintet 
state [Rn]5f26d27s2.  
 
 
 
Table 3.2. Comparisons of the First and Second Ionization Energies (eV) of Uranium at 
Several Levels of Theorya 
basis-set 
IP I 
HF 
IP I 
MP2 
IP I 
CCSD(T) 
IP I 
B3PW91 
IP II 
HF 
IP II 
MP2 
IP II 
CCSD(T) 
IP II 
B3PW91 
LANL2DZ 
(3s3p2d2f) 
2.48 3.42 3.57 5.27e 13.04 13.46 13.11 10.41e 
ECP60MWB 
(8s7p6d4f) 
-0.28d 1.71d 2.19 5.55e 12.45 13.84 13.43 11.53e 
ECP60MWB_ANO 
(6s6p5d4f3g) 
3.88 3.61d 4.20 5.60e 13.32 12.48 13.34 11.53e 
ECP60MWB_SEG 
(10s9p5d4f3g) 
3.22 3.34 3.82 4.93e 12.52 12.68 12.76 11.53e 
ANO-RCCb 
(12s10p9d7f5g3h) 
5.27 5.57  5.68 12.26 12.54  11.42 
Experimentc    6.194    10.6 
aGround state electronic structures indicated in literature89 are U(5L6) = [Rn]5f
36d17s2, U+(4I9/2) = 
[Rn]5f37s2, U2+(5I4) =[Rn]5f
4. IP I = E(cation) – E(neutral); IP II = E(dication) – E(cation). 
bANO-RCC uses Douglas-Kroll-Hess 2nd order scalar relativistic calculation. 
cExperimental values98  
d neutral = triplet; cation = quartet; dication = quintet 
e neutral = quintet; cation = sextet; dication = quintet  
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For U1+ ion, all the listed basis-sets, including LANL2DZ, result in the correct 
quartet ground state [Rn]5f37s2 at the HF level; however, the B3PW91 functional yields 
a sextet [Rn]5f47s1 with a lower energy than the one corresponding quartet [Rn]5f37s2; 
with an energy difference between 6.6 and 10.9 kcal/mol, using different ECP basis-sets.  
U2+ ion was always found to be quintet [Rn]5f4 as reported in earlier published work.89  
The first and second ionization potentials of uranium using B3PW91 functional are 
calculated to be 5.27 and 11.19 eV, respectively.  The experimental values for IP I and 
IP II are 6.19 and 10.6 eV respectively.  
The ground state of plutonium atom is calculated to be a septet [Rn]5f67s2, while 
that of singly ionized ion Pu1+ is found to be an octet [Rn]5f67s1 at both HF as well as 
B3PW91 level of theory, matching earlier published results89.  The first ionization 
potential of plutonium using B3PW91/ECP60MWB_SEG (Table 3.3) is estimated as 
5.72 eV (expt. value 6.03 eV); however, it falls perfectly in the range 5.69–5.74 eV 
obtained with the same basis-set but with state-averaged CASSCF with subsequent 
multi-reference averaged coupled-pair functional calculations.87,89 
 
 
 
Table 3.3. Comparisons of the First Ionization Energy (IP I eV) of Plutonium at Several 
Levels of Theorya 
basis-set HF MP2 CCSD(T) B3PW91 
LANL2DZ 
(3s3p2d2f) 
3.76 4.91 4.83 4.85 
ECP60MWB 
(8s7p6d4f) 
4.78 5.69 5.75 5.71 
ECP60MWB_ANO 
(6s6p5d4f3g) 
4.77 5.84 5.82 5.72 
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Table 3.3 Continued. 
basis-set HF MP2 CCSD(T) B3PW91 
ECP60MWB_SEG 
(10s9p5d4f3g) 
4.77 5.84 5.82 5.67 
ANO-RCCb 
(12s10p9d8f5g3h) 
4.73 5.93  5.68 
Experimentc    6.026 
a Ground state electronic structures indicated in literature89 matches with our calculated results: Pu(7F0) = 
[Rn]5f67s2, Pu+(8F1/2) = [Rn]f
6s1. IP I = E(cation) – E(neutral); IP II = E(dication) – E(cation).  
b ANO-RCC uses Douglas-Kroll-Hess 2nd order scalar relativistic calculation. 
c Experimental value98    
 
 
 
The values thus obtained clearly indicate that B3PW91 functional performs 
better than Hartree-Fock, second-order Møller-Plesset perturbation theory (MP2) as well 
as CCSD(T) using the same basis-set, with ANO-RCC being an exception.  Even though 
the focus of the paper is on large molecules and complexes, it is instructive to verify the 
quality of level of theory when applied to the individual isolated ion components of 
those molecules and complexes.  The ions, when they are part of the complex, carry 
several of their intrinsic properties to the complex and therefore a precise reproduction 
of their individual behavior can be traced back to the properties of the individual ions. 
On the other hand, ionization potentials are the only available precise experimental 
information for those ions.  Our calculations showed that our methods work pretty well 
when compared to such precise experimental information. With some exceptions, it is 
our experience that a suitable level of theory could be tested with properties that are 
different to those we want to evaluate; since we assume it is good, therefore, it should 
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properly work with any related properties such as energetics.  As a matter of fact and 
simply for practical purposes, most levels of theory are tested against standard heats of 
formation of a data base of precise experimental results. Thus we fill that these 
comparisons add some sort of validity to our calculations. Therefore, we selected 
B3PW91 functional along with ECP60MWB_SEG basis-set for uranium and plutonium 
to perform further calculations. Other commonly used functionals for lanthanides and 
actinides are B3LYP and PBE.17 
In order to validate our level of theory and basis-set for higher oxidation states, 
our rule is to calculate higher spin states until we find three consecutive ones in which 
the energy always increases. As already mentioned in our earlier work37, uranium exists 
predominantly in the form of uranyl (VI) complexes in solution, while plutonium can 
exist as Pu3+, Pu4+, PuO+, and PuO2
2+. For plutonium, it is known that the complexation 
strength increases in the order: Pu(IV) > Pu(VI) > Pu(III) > Pu(V). Therefore, we 
considered two or more spin states for each of the bare ions (UO2
2+, PuO2
2+, Pu4+ and 
Th4+) to find lowest energy spin-state. The ground state multiplicity for UO2
2+ and Th4+ 
were found to be singlet, while PuO2
2+ was a triplet and Pu4+ a quintet.37 As already 
discussed, these actinides tend to form strong bound complexes with common counter-
ions present in nuclear waste water. We also showed in our earlier work37 that the lowest 
energy spin state of their complexes is same as that of the bare ion. We performed 
geometry optimizations for several uranium (VI) and plutonium (IV, VI) complexes both 
in vacuum as well as in solution using the CPCM solvation model. The bond lengths 
thus obtained were compared to experimental data whenever available as shown in Table 
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3.4. From these comparisons, we conclude that adding a solvation model improves the 
estimation of structural parameters, which get closer to experimental values in most 
cases. We find that DFT usually over-predicts actinide–water bond by <0.05 Å 
compared to experimental values. The higher difference in actinide–chloride bond may 
be a result of using a smaller basis-set 6-31G(d).     
 
 
 
Table 3.4. Bond Lengths (Å) of UO2
2+, PuO2
2+ and Pu4+ Complexes Calculated at 
B3PW91/SDD Level of Theory and Comparison with Experimental Values 
complex parameters in vacuum in solution expt.
13,99-101
 
UO2(H2O)5
2+ 
U=O 
U–Ow 
1.74 
2.47 
1.74 
2.45 
1.78 
2.41 
PuO2(H2O)5
2+ 
Pu=O 
Pu–Ow 
1.70 
2.44 
1.70 
2.42 
1.74 
2.41 
UO2(NO3)2(H2O)2 
U=O 
U–Ow 
U–On 
1.76 
2.53 
2.46 
1.76 
2.51 
2.47 
1.76±0.01 
2.49±0.02 
2.45±0.01 
PuO2(NO3)2(H2O)2 
Pu=O 
Pu–Ow 
Pu–On 
1.72 
2.51 
2.45 
1.72 
2.50 
2.46 
1.73 
2.43 
2.50 
PuO2Cl1(H2O)4 
Pu=O 
Pu–Ow 
Pu–Cl 
1.76 
2.62 
2.81 
1.77 
2.59 
2.98 
1.75 
2.43 
2.75 
PuO2Cl2(H2O)3 
Pu=O 
Pu–Ow 
Pu–Cl 
1.71 
2.52 
2.65 
1.72 
2.50 
2.66 
1.75 
2.49 
2.70 
Pu(H2O)8
2+ Pu–Ow 2.41  2.39 
Pu(NO3)4(H2O)3 Pu–Ow/n 2.39–2.51 2.45 2.46 
UO2Cl1(H2O)4
1+ 
U=O 
U–Ow 
U–Cl 
1.75 
2.53 
2.57 
1.75 
2.49 
2.63 
1.76 
2.41 
2.71 
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Table 3.4 Continued. 
complex parameters in vacuum in solution expt.
13,99-101
 
UO2Cl2(H2O)3 
U=O 
U–Ow 
U–Cl 
1.75 
2.54 
2.67 
1.76 
2.52 
2.68 
1.76 
2.50 
2.73 
 
 
 
3.3.1 Structure of first coordination shell of solvated Th4+
 
and Pu
4+ 
ions
 
We performed ab-initio density functional theory calculations using the B3PW91 
functional and relativistic small core potential with associated basis-set for thorium and 
plutonium and the 6-311++G(d,p) basis-set for O,H atoms to study the hydration of Th4+ 
and Pu4+ ions. The bond lengths as well as both corrected and uncorrected binding 
energy are listed in Table 3.5. The binding energy was calculated as the difference 
between energy of optimized Th(H2O)n
4+ and the energy sum of the constituents, and 
hence, includes the relaxation energy. The corrected binding energy was calculated by 
including both zero-point vibrational and dispersion corrections. The bond lengths 
calculated in vacuum are higher by 0.07 Å than those from experiment, 2.45–2.49 Å.99-
101  
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Th(H2O)8
4+  Th(H2O)9
4+  Th(H2O)10
4+  Th(H2O)11
4+ 
  
Pu(H2O)8
4+  Pu(H2O)9
4+  Pu(H2O)10
4+ Pu(H2O)10(H2O)
4+ 
Figure 3.1 Optimized structures of Th(IV) and Pu(IV) hydrates using B3PW91 
functional. Th (cyan), O (red), Pu (magenta), and H (white) 
 
 
 
Table 3.5. Bond Lengths and Binding Energiesa of Th(IV) and Pu(IV) Hydrates using 
B3PW91 Functional in vacuum (Experimental Values Are Given in Parentheses) 
complex M–Ow(Å) E ∆Eu ∆ZPE ∆D ∆Ec ∆G
b 
Th(H2O)8
4+ c 2.49 -1017.83890 -766.6 19.3 -17.9 -765.2 -676.8 
Th(H2O)9
4+ 2.52 (2.45) -1094.33458 -808.9 22.2 -22.9 -809.6 -706.9 
Th(H2O)10
4+ 2.57 -1170.80231 -833.7 25.0 -28.7 -837.4 -719.4 
Th(H2O)11
4+ 2.56 (2.46) 4.43 (4.66) -1247.29433 -873.7 27.6 -30.9 -877.1 -746.7 
Pu(H2O)8
4+ d 2.41 (2.39) -1163.97989 -852.1 19.8 -25.9 -858.2 -762.1 
Pu(H2O)9
4+ 2.44 -1240.46946 -890.6 22.8 -32.1 -900.0 -787.0 
Pu(H2O)10
4+ 2.49 -1316.93531 -914.2 25.1 -38.8 -927.9 -799.1 
Pu(H2O)11
4+ 2.48, 4.37 -1393.43015 -956.0 27.7 -41.0 -969.3 -828.1 
a Uncorrected binding energy ∆E
u
 = E(Th(H2O)n
4+) – E(Th4+) – n × E(H2O). ∆ZPE and ∆D are zero-point 
energy and dispersion corrections respectively obtained using similar expression as ∆E
u
. Corrected 
binding energy ∆E
c
 = ∆E
u
 + ∆ZPE + ∆D. E is expressed in Ha and all others in kcal/mol. b ∆G = 
G(Th(H2O)n
4+) –G(Th4+) – n × G(H2O). 
c Reported bond length using CPMD for Th(H2O)n
4+ complex are 
Th–Ow = 2.46 Å, 2.49 Å, and 2.48 Å  for n=8, 9, and 10 respectively.
23 d Reported bond length for 
Pu(H2O)8
4+ are 2.42 Å and 2.43 Å  in gas phase using B3LYP and PBE functional.17 
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Th(H2O)6(OH)2.(H3O)2
4+     Th(H2O)8.(H2O)2
4+ (aq)  Th(H2O)8(OH).(H3O)
4+  Th(H2O)9.(H2O)
4+ (aq) 
  
Pu(H2O)8.(H2O)2
4+ Pu(H2O)8.(H2O)2
4+ (aq)   Pu(H2O)8(OH)
3+ Pu(H2O)9.(H2O)
4+ (aq) 
Figure 3.2 Effect of bulk solvent (CPCM) on coordination number of Th(IV) and Pu(IV) 
ions. Th (cyan), O (red), Pu (magenta), H (white), and CPCM calculated structures (blue 
background). 
 
 
 
Our results indicate a coordination number of 8 being more stable than 9 or 10 
for Th4+ ions if continuum water (light blue background in Figure 3.2) is used as inferred 
from Table 3.6. In vacuum, we observe hydrolysis effects leading to formation of 
Th(H2O)6(OH)2
2+ and Th(H2O)7(OH)
3+ along with hydronium ions compared to stable 
10 coordinated structure Th(H2O)10
4+. Previous study on the first hydration shell of Th4+ 
at B3LYP level using relativistic large core effective core potential,20-21 indicated 
Th(H2O)10
4+ being most stable while Th(H2O)8.(H2O)2
4+ least stable and an energy 
difference of 0.23 kcal/mol between Th(H2O)10
4+ and Th(H2O)9(H2O)
4+ complexes.21 
Spezia et al.23 used EXAFS and classical molecular dynamics with polarizable force 
field to show that CN = 9 being most probable coordination number for Th(IV) ion at 
diluted conditions.  A coordination number of 8–10 were reported for Th(H2O)n
4+ 
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experimentally.99-101 Our results match well with ab-initio results at MP2 level of theory 
as well as results obtained by molecular dynamics using polarizable force-field done 
previously to study coordination of Th(IV) ion in aqueous solvent.22 It was shown that 
the first hydration shell consists of 8.25 ± 0.2 water molecules22. Our results are also in 
agreement with results obtained using AMOEBA force field where the (8+2)-
coordination was again shown to have lowest binding energy among (9+1)-coordinated 
and 10-coordinated structures.19 Yang et al.20 reported 9-coordinated structure having 
lowest binding energy in solution phase while (8+2)-coordinated structure having lowest 
binding energy in gas phase. Spezia et al.102 studied coordination of Th(IV) ion in water 
using single-sweep method coupled with Car-Parinello molecular dynamics and found 
that the 9-coordinated structure is the most stable among (8+1) and 10-coordinated 
structures based on change in free energy. Based on free energy calculations, we found 
that the free energy of (8+2)-coordinated structure is lower than (9+1)-coordinated 
structure by 4.3 kcal/mol and 11.2 kcal/mol lower than 10-coordinated structure. For 
aqueous thorium perchlorate solution, Johansson et al.70 also found coordination number 
of 8.0±0.5 with Th–Ow bond distance of 2.485±0.010 Å using x-ray scattering 
experiments and also reported that first shell coordination number was not affected with 
perchlorate concentration, indicating that perchlorate do not form inner sphere 
complexes70. The difference in binding energy between (8+2)-coordinated structure and 
(9+1)-coordinated structure is 3 kcal/mol in solution, which is reduced to 1.7 kcal/mol 
considering ZPE and dispersion corrections.   
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In case of Pu4+ ion, Pu(H2O)8.(H2O)2
4+ is similarly found to be more stable than 
Pu(H2O)9.(H2O)
4+ or Pu(H2O)10
4+ complexes when solvation effects are considered.  The 
eight-coordinated complex has 2.3 kcal/mol lower binding energy than the nine-
coordinated complex and 5.67 kcal/mol lower binding energy than the ten-coordinated 
complex (Table 3.6).  Molecules in blue background indicate calculations done using the 
conductor-like polarizable continuum model.94-95  In vacuum, we observed formation of 
hydrolysis products Pu(H2O)8(OH)
3+ and H3O
+ which repel each other till they are 
infinitely separated.  The energy shown for Pu(H2O)9.(H2O)
4+ is the sum of energy of 
hydrolysis products.  The solvation effects are critical in these cases as they suppress 
formation of hydrolysis products.  
 
 
 
Table 3.6. Effect of Bulk Solvent on Total Energy of Th/Pu (IV) Hydrates using CPCM 
Technique with the B3PW91 Functionala,b 
Complex E ∆E
u ∆ZPE ∆D ∆Ec ∆G 
in vacuum 
Th(H2O)6(OH)2.(H3O)2
4+ -1170.84066 -857.7(-820.1)d 21.6 -20.7 -856.9 -750.0 
Th(H2O)8(OH).(H3O)
4+ -1170.82880 -850.3 (-815.3)d 23.3 -24.0 -851.1 -739.3 
Th(H2O)10
4+ -1170.80230 -833.7 (-804.7)d 25.0 -28.7 -837.4 -719.4 
Pu(H2O)8(H2O)2
4+ -1316.98298 -944.1 25.2 -30.4 -949.3 -829.0 
Pu(H2O)8(OH).(H3O)
4+  c -1317.23577 -1102.8 22.1 -30.2 -1110.8 -1002.2 
Pu(H2O)10
4+ -1316.93531 -914.2 25.1 -38.8 -927.9 -799.1 
in solution 
Th(H2O)8(H2O)2
4+ -1171.80672 -7.0 (12.3)e 23.3 -22.5 -6.1 106.3 
Th(H2O)9(H2O)
4+ -1171.80196 -4.0 (0.2)e 25.2 -25.6 -4.4 110.5 
Th(H2O)10
4+ -1171.78943 3.9 (0.0)e 24.6 -29.3 -0.8 117.5 
Pu(H2O)8(H2O)2
4+ -1317.95372 -109.2 25.7 -30.7 -114.2 6.5 
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Table 3.6 Continued 
Complex E ∆E
u ∆ZPE ∆D ∆Ec ∆G 
Pu(H2O)9(H2O)
4+ -1317.9414 -101.5 24.1 -34.5 -111.9 12.3 
Pu(H2O)10
4+ -1317.93232 -95.8 26.7 -39.4 -108.5 21.2 
a 
E is expressed in Ha and all others in kcal/mol. See footnotes of Table 5 for nomenclature. 
b The cavity surface area and cavity volume for Th(H2O)n·(H2O)10-n
4+ are  315.409 Å2 and 317.416 Å3 
while that for Th(H2O)n·(H2O)10-n
4+
  are  301.939 Å
2  and 306.984 Å3 respectively.  
c 
Total energy of hydrolysis products Pu(H2O)8(OH)
3+ and H3O
+. 
d Values reported in parenthesis are from B3LYP calculations published by Yang et al.
20 
e Values in parentheses are relative energies from B3LYP calculations using CPCM published by 
Tsushima et al.
21
 
 
 
 
3.3.2 Solvation of U(VI) and Pu(IV/VI) nitrate-complexes 
Based on molecular dynamics studies, Ye et al.16 showed that divalent uranyl 
ions hydrated by five water molecules in equatorial plane are predominant form in 
aqueous solution. They also showed that nitrates associate with uranyl cation in 
monodentate fashion replacing one water molecule each, thus preserving five-fold co-
ordination. Other form of nitrate complexes UO2(NO3)
+, UO2(NO3)2, and UO2(NO3)3
– 
existed in small fractions which increased with nitric acid concentration. On the contrary 
Bühl et al.15 showed using CPMD calculations that UO2(NO3)2 complex with nitrates 
bonded in bidentate fashion are more stable in aqueous phase. They also observed 
formation of UO2(NO3)
+ complex with five coordination in a monodentate binding 
mode.103 Therefore, the role of solvent is critical in studying solvation of these 
complexes. In a recent experimental work, structure of plutonyl di-nitrate complex 
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Pu(NO3)2(H2O)2·H2O was studied both in crystalline form and in solution using vis-NIR 
and Raman spectroscopy.104 The solution electronic spectrum revealed mono-nitrate 
complex domination with negligible di-nitrate complex. We carried out DFT 
calculations on these complexes, both in vacuum and solution phase using CPCM 
models. Among di-nitrate complexes, UO2(NO3)2(H2O)2·H2O complex has lower 
binding energy than UO2(NO3)2(H2O)3 and shows a coordination number of 6 with two 
nitrates in bidentate mode (Table 3.7). We also studied in detail UO2(NO3)2(H2O)5 and 
PuO2(NO3)2(H2O)5 clusters in order to compare stability of different conformers. As 
shown in Table 8, UO2(NO3)2 complex with nitrates in mono-dentate mode is more 
stable both in vacuum and solution phase than hydrated mono-nitrate complex as well as 
completely solvated UO2(H2O)5
2+ ions with counter-ions far from the central ion (Table 
3.8). In vacuum, O–H bonds break forming HNO3 molecules and OH
– ions bound to the 
UO2
2+ ion in case of mono-nitrate and completely solvated nitrate complexes (Figure 
3.3). The difference in binding energy between non-dissociated uranyl-nitrate complex 
and hydrated mono-nitrate complex is 8.2 kcal/mol (nitrate in bidentate mode) and 9.4 
kcal/mol (nitrate in monodentate mode). The difference in binding energy between non-
dissociated and completely solvated uranyl-nitrate complexes is 19.6 kcal/mol. Thus 
nitrate prefers to bind in bidentate mode in case of uranyl mono-nitrate complex in 
vacuum though the difference in binding energy between monodentate and bidentate is 
1.2 kcal/mol only. If we consider the effect of bulk solvents, we do not observe 
formation of hydroxides though the O–H bond length in water increases up to 1.05 Å. In 
solution, the difference in energy between non-dissociated and hydrated mono-nitrate 
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complexes reduced to 5.4 kcal/mol for bidentate and 3.0 kcal/mol for monodentate 
respectively. This means that monodentate mode is preferred than bidentate mode for 
mono-nitrate complex in solution phase; however, based on free energy changes, both 
are equally probable. If we ignore corrections to binding energy, the difference between 
monodentate and bidentate mono-nitrate complex is only 0.2 kcal/mol. The difference in 
binding energy between non-dissociated and completely solvated uranyl-nitrate 
complexes is 15.8 kcal/mol.We repeat the calculations for PuO2
2+ ions as well. Similar 
behavior is observed for nitrate complexes of PuO2
2+. PuO2(NO3)2 complex with nitrates 
in mono-dentate mode are more stable in vacuum as well as solution than hydrated 
mono-nitrate as well as completely solvated PuO2(H2O)5
2+ ions with counter-ions far 
from the central ion.  The energy difference between non-dissociated and hydrated 
mono-nitrate complex is 9.2 kcal/mol for bidentate and 9.8 kcal/mol for monodentate 
complexes; these energies are reduced to 6.5 kcal/mol and 6.6 kcal/mol, respectively, 
using the solvation model.  This means that both monodentate and bidentate are equally 
favored for the mono-nitrate complex in solution phase; however based on free energy 
changes, bidentate is preferred over monodentate.  The difference in binding energy 
between non-dissociated and completely solvated plutonyl-nitrate complex is 20.1 
kcal/mol in vacuum and 15.7 kcal/mol in solution.  We observe that including both ZPE 
and dispersion corrections alter the binding energy by less than ~2 kcal/mol in above 
cases. 
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UO2(NO3)2(H2O)2 UO2(NO3)2(H2O)3 UO2(NO3)2(H2O)2·H2O UO2(NO3)2(H2O)3·(H2O)2 
     
UO2NO3(H2O)2(OH)·(H2O)2HNO3 UO2NO3(H2O)3·(H2O)2NO3(aq) UO2NO3(H2O)3(OH)·(H2O)HNO3 
    
UO2NO3(H2O)4·(H2O)NO3 (aq)   UO2(H2O)3(OH)2·(HNO3)2 UO2(H2O)5·(NO3)2 (aq)
    
PuO2(NO3)2(H2O)2 PuO2(NO3)2(H2O)3 PuO2(NO3)2(H2O)2·H2O PuO2(NO3)2(H2O)3·(H2O)2
     
PuO2NO3(H2O)2(OH)·(H2O)2HNO3       PuO2NO3(H2O)3·(H2O)2NO3(aq) PuO2NO3(H2O)3(OH)·(H2O)HNO3   
Figure 3.3. Optimized structures of hydrated UO2
2+
 and PuO2
2+
 nitrate complexes using 
B3PW91 functional. U (blue), O (red), Pu (magenta), N (dark blue), H (white), and 
CPCM calculated structures (blue background). 
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PuO2NO3(H2O)4·(H2O)NO3 (aq)  PuO2(H2O)3(OH)2·(HNO3)2 PuO2(H2O)5·(NO3)2 (aq) 
 
Figure 3.3 Continued.  
 
 
 
Table 3.7. Bond Lengths and Total Energy of Hydrated UO2
2+ and PuO2
2+ Nitrate 
Complexes using B3PW91 Functionala 
complex 
M–Ow 
(Å) 
M–ON 
(Å) 
E ∆E
u
 ∆ZPE ∆D ∆E
c
 ∆G 
in vacuum 
UO2(NO3)2(H2O)2 2.53 2.46 -1340.93304 -590.4 7.4 -10.2 -593.3 -546.2 
UO2(NO3)2(H2O)3 2.53 2.30 -1417.32142 -595.8 10.6 -15.1 -600.3 -539.1 
UO2(NO3)2(H2O)2· 
H2O 
2.50 2.48 -1417.33916 -606.9 10.3 -12.7 -609.4 -550.8 
PuO2(NO3)2(H2O)2 2.51 2.44 -1417.81304 -576.7 7.7 -12.1 -581.2 -530.2 
PuO2(NO3)2(H2O)3 2.51 2.27 -1494.20297 -583.0 10.8 -18.1 -590.3 -524.0 
PuO2(NO3)2(H2O)2· 
H2O 
2.49 2.46 -1494.21804 -592.5 10.5 -14.8 -596.8 -534.2 
in solution 
UO2(NO3)2(H2O)2 
2.51 
(2.59)b 
2.47 
(2.43)b 
-1340.95447 -96.8 7.2 -10.3 -99.9 -52.8 
UO2(NO3)2(H2O)3 2.48 2.33 -1417.34612 -99.4 9.8 -14.4 -104.0 -44.4 
UO2(NO3)2(H2O)2· 
H2O 
2.48 2.48 -1417.36043 -108.4 9.7 -12.7 -111.4 -53.2 
PuO2(NO3)2(H2O)2 2.49 2.46 -1417.83279 -103.1 7.5 -12.2 -107.8 -58.1 
PuO2(NO3)2(H2O)3 2.47 2.31 -1494.22565 -106.5 10.5 -17.5 -113.5 -49.3 
PuO2(NO3)2(H2O)2· 
H2O 
2.47 2.47 -1494.23785 -114.2 10.2 -14.8 -118.8 -58.0 
a 
E is expressed in Ha and all other energies in kcal/mol. See footnotes of Table 5 for nomenclature. 
b U–Ow and U–ON bond lengths reported using CPMD in solution by Bühl et al.
103 
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Table 3.8. Calculated Binding Energy of UO2(NO3)2(H2O)5 and PuO2(NO3)2(H2O)5 
clusters using B3PW91 Functionala 
complex E ∆E
u
 ∆ZPE ∆D ∆E
c
 ∆G 
  in vacuum     
UO2(NO3)2(H2O)3·(H2O)2 -1570.13582 -630.1 15.6 -20.9 -635.4 -550.5 
UO2NO3(H2O)2(OH)·(H2O)2 
·HNO3 
-1570.12467 -623.1 14.8 -18.9 -627.2 -546.5 
UO2NO3(H2O)3(OH)·(H2O) 
·HNO3 
-1570.12106 
-620.9 
(0.0)b 
15.1 -20.2 -625.9 -542.2 
UO2(H2O)3(OH)2·(HNO3)2 -1570.10172 
-608.7 
(8.7)b 
13.1 -20.1 -615.7 -533.1 
PuO2(NO3)2(H2O)3·(H2O)2 -1647.01578 -616.3 16.4 -25.0 -624.9 -533.6 
PuO2NO3(H2O)2(OH)·(H2O)2 
·HNO3 
-1647.00475 -609.4 15.3 -21.6 -615.7 -529.8 
PuO2NO3(H2O)3(OH)·(H2O) 
·HNO3 
-1647.00084 -607.0 15.5 -23.7 -615.1 -526.0 
PuO2(H2O)3(OH)2·(HNO3)2 -1646.98245 -595.4 14.3 -23.6 -604.8 -516.4 
in solution 
UO2(NO3)2(H2O)3·(H2O)2 -1570.16153 -124.9 14.5 -19.8 -130.1 -47.8 
UO2NO3(H2O)3·(H2O)2NO3 -1570.15414 -120.3 14.4 -18.9 -124.8 
-43.3 
(2.5)c 
UO2NO3(H2O)4·(H2O)NO3 -1570.15453 -120.5 14.2 -20.9 -127.2 
-43.1 
(0.0)c 
UO2(H2O)5·(NO3)2 -1570.13449 -107.9 14.0 -20.3 -114.3 -31.2 
PuO2(NO3)2(H2O)3·(H2O)2 -1647.04087 -131.9 16.0 -24.2 -140.0 -50.5 
PuO2NO3(H2O)3·(H2O)2NO3 -1647.03178 -126.2 14.6 -22.0 -133.5 -48.1 
PuO2NO3(H2O)4·(H2O)NO3 -1647.02907 -124.5 15.3 -24.3 -133.4 -44.5 
PuO2(H2O)5·(NO3)2 -1647.01392 -114.9 14.9 -24.3 -124.3 -36.6 
a 
E is expressed in Ha and all others in kcal/mol. See footnotes of Table 3.5 for nomenclature. 
b Value in parentheses are relative energy of bidentate and monodentate UO2NO3(H2O)4
+ complex 
calculated using CPMD in gas phase by Bühl et al.15 
c Value in parentheses are relative free energy of bidentate and monodentate UO2NO3(H2O)4
+ complex 
calculated using CPMD in aqueous phase by Bühl et al.15 
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For Pu(IV) ion, four nitrates are bonded to Pu(IV) ion in bidentate mode in first 
coordination shell. In order to study solvation of Pu(NO3)4 salt in water, we start by 
adding water molecules and optimize the structure. We observed that nitrates are very 
strongly bonded to Pu(IV) ion and they do not dissociate easily. The coordination 
number of first shell increases from 10 to 12 (Figure 3.4) and remains unchanged 
thereafter on addition of more water molecules to the system. The first coordinate shell 
can accommodate four water molecules in addition to four nitrates. Any additional water 
molecule ends up in the second coordination shell. In order to compare the stability of 
solvated ion, we also optimized the structure of Pu(NO3)3(H2O)6·NO3  and compare its 
energy with Pu(NO3)4(H2O)4·(H2O)2. The binding energy of solvated ion is 9.8 kcal/mol 
higher indicating nitrates prefer to stay in first coordination shell (Table 3.9). When 
solvent effects are included, the difference in binding energy is reduced to 6.2 kcal/mol 
and follows an expected trend.  We further increased number of water molecules to 8 to 
obtain second coordination shell of solvent molecules. Our calculations still show no 
dissociation of nitrates from the central ion. Water molecules in the second shell arrange 
themselves forming hydrogen bonds with those present in first shell. 
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Pu(NO3)4(H2O)3  Pu(NO3)4(H2O)4·(H2O)2 Pu(NO3)3(H2O)6·NO3 Pu(NO3)4(H2O)4·(H2O)4 
Figure 3.4. Optimized structures of hydrated Pu(IV) nitrate complexes using B3PW91 
functional. Pu (magenta), O (red), N (dark blue), and H (white) 
 
 
 
Table 3.9. Bond Lengths and Total Energy of Hydrated Pu(IV) Nitrate Complexes using 
B3PW91 Functionala  
complex Pu–OW Pu–ON E ∆Eu ∆ZPE ∆D ∆Ec ∆G 
   in vacuum      
Pu(NO3)4(H2O)3  
2.51 
(2.50)b 
2.39 -1904.26732 -1895.8 13.4 -23.5 -1906.0 -1809.6 
Pu(NO3)4(H2O)4· 
(H2O)2 
2.55 2.49 -2133.47928 -1941.3 22.3 -39.2 -1958.2 -1816.4 
Pu(NO3)3(H2O)6 
·NO3 
2.58 2.46 -2133.46148 -1930.1 22.6 -40.8 -1948.4 -1805.0 
Pu(NO3)4(H2O)4· 
(H2O)4 
2.52 2.51 -2286.28062 -1967.4 27.3 -44.9 -1985.0 -1820.2 
   in solution      
Pu(NO3)4(H2O)4· 
(H2O)2 
2.54 2.49 -2133.50655 -285.0 21.5 -38.5 -301.9 -161.9 
Pu(NO3)3(H2O)6· 
·NO3 
2.57 2.47 -2133.49399 -277.1 22.3 -40.9 -295.7 -152.7 
a Lengths in Å,  E in Ha, and all others energies in kcal/mol. See footnotes of Table 3.5 for 
nomenclature.
 
b In solution using B3LYP and PBE functionals.17 
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3.3.3 Solvation of Pu(IV) and Pu(VI) chloro-complexes 
In this section, we study aquo-chloro complexes of Pu(IV) and Pu(VI) ions. 
Unlike nitrates, chlorides are weakly bonded to Pu(IV)/(VI) ions. We observe 
dissociation of counter-ions with as few as four water molecules during geometry 
optimization of Pu(IV) aquo-chloro complex itself. We optimized two conformers for 
PuCl4(H2O)4. In one case, we found Cl
– leaves the first shell during optimization itself 
forming PuCl3(H2O)4
+ and Cl– ion, while in other case, all four chloride ions remain 
bonded to Pu(IV) ion. The energy difference between the two conformers is however 
only 1.1 kcal/mol (Table 3.10). The coordination number of U(IV) aquo complex has 
already been reported to be 8–9 in aqueous solution both theoretically105-106 and 
experimentally13. The combined coordination of NCl+NOw in U(IV) aquo-chloro complex 
was also reported experimentally to decrease from 9 to 8 with increase in chloride 
concentration.13 The coordination number of Pu(IV) aquo complexes was found to be 8 
using continuum model as explained in previous section. The coordination number for 
aquo-chloro complexes of Pu(IV) is also found to be 8 with three chlorides present in the 
first shell as shown in Figure 3.5. In order to confirm our findings, we also performed a 
geometry optimization for Pu(IV) aquo-chloro starting with a combined coordination of 
NCl+NOw as 9. The final geometry reverts back to eight-coordination with a water 
molecule moving out of the first shell. The difference in binding energy between tetra-
chloro complex PuCl4(H2O)5·(H2O)2 and tri-chloro complex PuCl3(H2O)5·Cl(H2O)2 is 
only 0.35 kcal/mol, and between tertra-chloro complex and di-chloro complex 
PuCl2(H2O)6·Cl2(H2O)1 is calculated to be 13.3 kcal/mol in vacuum. However, using 
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solvation model, the binding energy of tri-chloro complex PuCl3(H2O)5·Cl(H2O)2 is least 
among the three conformers. The observed trend in binding energy of these complexes 
remains unchanged if we ignore ZPE and dispersion corrections.  
 
 
 
   
PuCl4(H2O)4   PuCl3(H2O)4·Cl  PuCl3(H2O)5·Cl(H2O)2 PuCl2(H2O)6·Cl2(H2O)1 
  
PuO2Cl2(H2O)3  PuO2Cl2(H2O)2·(H2O)3 PuO2Cl2(H2O)3·(H2O)2 PuO2Cl(H2O)3·Cl(H2O)2 
    
PuO2Cl(H2O)4·Cl(H2O)1  PuO2(H2O)5Cl2  PuO2(H2O)5Cl2 (aq) PuO2Cl2(H2O)6 
Figure 3.5. Optimized structures of hydrated Pu(IV) and Pu(VI) chloro complexes using 
B3PW91 functional. Pu (magenta), O (red), Cl (green), H (white), and CPCM calculated 
structures (blue background). 
 
 
 
In the case of Pu(VI) chlorides, PuO2
2+ retain five-fold coordination number with 
two chlorides replacing two water molecules bonded to Pu(VI) ion. In order to study 
effect of dilution, we increased number of water molecules to 6. We observed that 
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chlorides remain bonded to the central cation with Pu–Cl bond length increasing from 
2.49 Å to 2.69 Å (Table 3.10). 
 
 
 
 Table 3.10. Bond Lengths and Total Energy of Pu(IV) and Pu(VI) chloro complexes 
using B3PW91 Functional in Vacuuma 
complex 
Pu–Ow  
(Å) 
Pu–Cl 
(Å) 
E ∆E
u
 ∆ZPE ∆D ∆E
c
 ∆G 
PuCl4(H2O)4 2.50 2.62 -2700.52871 -1900.5 12.1 -20.5 -1908.9 -1825.58 
PuCl3(H2O)4·Cl 2.44 2.54 -2700.52621 -1898.9 11.3 -20.2 -1907.8 -1823.19 
PuO2Cl2(H2O)3 
2.58 
(2.55)b 
2.61 
(2.67)b 
-1854.14221 -584.4 8.7 -13.3 -588.9 -536.52 
PuO2Cl2(H2O)6 2.47 2.69 -2083.35510 -630.4 16.7 -23.8 -637.6 -547.30 
a 
E is expressed in Ha and all others in kcal/mol. See footnotes of Table 5 for nomenclature. 
b Reported bond lengths for PuO2Cl2(H2O)3 in gas phase using B3LYP and PBE functional.
17 
 
 
 
We also obtained the optimized structure of different conformers of 
PuO2Cl2(H2O)5 to compare their relative stability as shown in Table 3.11. Among 
different conformers, PuO2Cl2(H2O)2·(H2O)3 is the most stable due to lowest binding 
energy and PuO2(H2O)5Cl2 is the least stable in vacuum, indicating chlorides prefer to 
remain bonded to Pu(VI) ion. On introducing solvation effects, the difference in binding 
energy between di-chloro complex PuO2Cl2(H2O)2·(H2O)3 and mono-chloro complex 
PuO2Cl(H2O)4·Cl(H2O)1 is reduced to 1.56 kcal/mol. The binding energy of mono-
chloro complex PuO2Cl(H2O)3·Cl(H2O)2 is however 5.42 kcal/mol higher than di-chloro 
complex. These results are in line with earlier published Car-Parrinello molecular 
dynamics simulation14 of aquo-chloro complexes of U(VI) in aqueous solution where it 
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was shown that PuO2Cl2(H2O)3·(H2O)2 was stable for a few picoseconds and transform 
into more stable PuO2Cl2(H2O)2·(H2O)3 conformer. 
 
 
 
Table 3.11. Calculated Binding Energy of PuCl4(H2O)7 and PuO2Cl2(H2O)5 clusters  
using B3PW91 Functionala 
complex E ∆Eu ∆ZPE ∆D ∆Ec ∆G 
in vacuum 
PuCl4(H2O)5·(H2O)2 -2929.74804 -1950.6 20.8 -34.2 -1963.9 -1837.3 
PuCl3(H2O)5·Cl· 
(H2O)2 
-2929.74552 -1949.0 20.6 -35.3 -1963.6 -1835.7 
PuCl2(H2O)6·Cl2· 
(H2O)1 
-2929.72409 -1935.5 19.8 -34.9 -1950.6 -1822.7 
PuO2Cl2(H2O)2 
·(H2O)3 
-2006.95861 -619.9 14.5 -21.2 -626.6 -548.0 
PuO2Cl2(H2O)3 
·(H2O)2 
-2006.95125 -615.3 13.9 -19.5 -620.9 -544.3 
PuO2Cl(H2O)4·Cl 
·(H2O)1 
-2006.93884 -607.5 13.0 -21.5 -616.0 -536.5 
PuO2Cl(H2O)3·Cl 
· (H2O)2 
-2006.93988 -608.2 13.5 -19.8 -614.4 -537.3 
PuO2(H2O)5Cl2 -2006.91764 -594.2 11.1 -21.7 -604.9 -525.4 
in solution 
PuCl4(H2O)5·(H2O)2 -2929.77091 -243.6 19.7 -34.3 -258.3 -132.8 
PuCl3(H2O)5·Cl 
·(H2O)2 
-2929.78413 -251.9 20.0 -33.4 -265.4 -139.8 
PuCl2(H2O)6·Cl2 
·(H2O)1 
-2929.76822 -241.9 19.5 -35.2 -257.6 -129.9 
PuO2Cl2(H2O)2 
·(H2O)3 
-2006.98410 -114.2 13.1 -17.8 -118.9 -46.7 
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Table 3.11 Continued. 
complex E ∆Eu ∆ZPE ∆D ∆Ec ∆G 
PuO2Cl2(H2O)3 
·(H2O)2 
-2006.98022 -111.7 13.5 -19.6 -117.8 -41.9 
PuO2Cl(H2O)4·Cl 
·(H2O)1 
-2006.97649 -109.4 13.2 -21.2 -117.4 -39.7 
PuO2Cl(H2O)3·Cl 
·(H2O)2 
-2006.97454 -108.2 12.8 -18.1 -113.5 -39.4 
PuO2(H2O)5Cl2 -2006.96671 -103.2 12.7 -22.0 -112.6 -33.8 
a 
E is expressed in Ha and all others in kcal/mol. See footnotes of Table 5 for nomenclature. 
 
 
 
3.3.4 Solvation of Th(IV) chloro-complexes 
We also optimized five different conformers of ThClm(H2O)n·(H2O)10-nCl4-m both 
in vacuum and in solution as shown in Table 3.12. A, B, and C have a coordination 
number (Nw + NCl) of 9 while D and E are 10-coordinated structures. Conformers F and 
G are also 9-coordinated structures but with three chlorides in the inner coordination 
sphere. Based on the binding energy, conformer G ThCl3(H2O)6·Cl(H2O)4 is the most 
stable than other conformers in vacuum, while in solution conformer A 
ThCl(H2O)8·Cl3(H2O)2 is the most stable. Moreover, the binding energies of conformers 
C, D and F are very similar in vacuum. In solution, C and E have similar binding energy. 
The binding energy of D, F and G are also very close which is very interesting due to the 
fact that D is a 10-coordinated structure with one chloride in first shell while F and G are 
9-coordinated structure with three chlorides in first shell. Based on change in free 
energy, conformer A is most stable and ∆∆G between conformers A and G is 2.7 
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kcal/mol in solution. In vacuum, we observe a clear trend for ∆G with conformer G is 
found to be most stable with ∆∆G between conformers C and G is 6.1 kcal/mol. It can be 
thus concluded that chlorides remains in the first shell forming inner sphere complex 
with Th–Cl bond length varying between 2.74–2.85 Å in vacuum. The coordination 
number (Nw + NCl) is found to be 9–10. In solution, our results indicate that one chloride 
enters the first coordination shell at 2.71–2.84 Å as observed experimentally by 
Johansson et al.99 using large angle x-ray scattering measurements. Their experimental 
results indicate that chlorides tend to form inner sphere complexes, which leads to 
increase in coordination number around thorium ion by addition of chloride ion to inner 
sphere.99  Recent work done by Spezia et al.23, however, found no evidence of chloride 
in first shell at low concentration, but observed chloride ion in first shell at a distance of 
~2.9 Å at high concentration. Thus we can conclude that Pu(IV) ions binds chloride ions 
more strongly than Th(IV) ions do.  
 
 
 
  
(A)   (B)   (C)    (D) 
Figure 3.6. Optimized structures of ThCl4(H2O)10 clusters  using B3PW91 functional. Th 
(cyan), O (red), Cl (green), H (white). A, B and C have a structural formula of 
ThCl(H2O)8·(H2O)2Cl3. D and E have structural formula of ThCl(H2O)9·(H2O)1Cl3. F 
and G have structural formula of ThCl3(H2O)6·(H2O)4Cl. 
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(E)    (F)    (G) 
Figure 3.6 Continued. 
 
 
 
Table 3.12. Calculated Binding Energy of ThCl4(H2O)10 Clusters Using B3PW91 
Functionala 
complex Th–Cl (Å) E ∆E
u
 ∆ZPE ∆D ∆E
c
 ∆G 
in vacuum 
(A) 2.74, 4.17–4.34 -3012.77523 -1883.0 26.1 -40.6 -1897.5 -1735.1 
(B) 2.85, 3.81–4.54 -3012.77730 -1884.3 25.8 -38.8 -1897.3 -1737.6 
(C) 2.84, 4.26–4.68 -3012.78360 -1888.2 27.5 -39.4 -1900.2 -1738.5 
(D) 2.82, 4.30–4.65 -3012.78156 -1887.0 27.1 -39.7 -1899.6 -1737.6 
(E) 2.85, 4.29–4.51 -3012.78465 -1888.9 27.8 -41.0 -1902.1 -1737.9 
(F) 2.68–2.81, 4.27 -3012.78544 -1889.4 29.0 -39.5 -1899.9 -1739.3 
(G) 2.72–2.79, 5.10 -3012.79237 -1893.7 28.6 -39.0 -1904.1 -1744.6 
in solution 
(A) 2.71, 4.40–4.52 -3012.83608 -172.7 26.6 -39.7 -185.7 -25.4 
(B) 2.84, 4.08–4.68 -3012.82801 -167.6 26.1 -39.6 -181.2 -20.7 
(C) 2.83, 4.41–4.84 -3012.83397 -171.4 26.7 -39.5 -184.2 -23.9 
(D) 2.82, 4.44–4.78 -3012.82922 -168.4 26.4 -40.3 -182.3 -21.1 
(E) 2.83, 4.47–4.61 -3012.83273 -170.6 28.1 -41.5 -184.0 -19.3 
(F) 2.78–2.83, 4.81 -3012.83226 -170.3 27.5 -39.5 -182.3 -22.7 
(G) 2.76–2.78, 5.18 -3012.83337 -171.0 27.7 -39.0 -182.3 -22.8 
Experimentb 2.8       
a 
E is expressed in Ha and all others in kcal/mol. See footnotes of Table 5 for nomenclature. 
b Expeimental value
99 
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3.4 Bonding nature of actinides with common counter-ions 
Based on simple electronegativity difference between Pu(1.28), O(3.5) and 
Cl(3.0), the percentage ionic character of Pu–O and Pu–Cl bonds are 71% and 52% 
respectively. Similarly for U(1.38), the percentage ionic character of U–O and U–Cl 
bonds are 67% and 48% respectively. We performed a detailed natural bond order 
(NBO) analysis on several actinide complexes as shown in Table 3.13 to understand the 
nature of bonding present in actinide complexes with common counter-ions present in 
nuclear waste water. 
 
 
 
Table 3.13. Summary of NBO Contribution Analysis for Common Actinide Complexes 
complex NC* Actinide valence bonds 
Actinide 
(%) 
O/On/Ow 
(%) 
Th(H2O)8
4+ 2.27 7S0.165f0.486d0.747p0.29 Th–Ow 6.7 93.3 
Pu(H2O)8
4+ 1.81 7S0.195f4.766d0.807p0.35 Pu–Ow 10.2 89.9 
ThCl4(H2O)7 -0.04 7S
0.305f0.116d1.567p0.01 Th–Cl(1) 16.3 83.7 
   Th–Cl(2) 4.6 95.4 
   Th–Cl(3) 5.1 94.9 
   Th–Ow 7.8 92.3 
PuCl4(H2O)7 0.30 7S
0.335f4.916d1.587p0.63 Pu–Cl 21.0 79.0 
UO2(NO3)2(H2O)2· 
H2O 
1.43 7S0.205f2.626d1.447p0.41 U–On 10.7 89.3 
PuO2(NO3)2(H2O)2· 
H2O 
1.06 7S0.215f5.146d1.357p0.40 Pu–On 12.3 87.8 
   Pu–Ow 9.7 90.3 
UO2Cl2(H2O)3 1.05 7S
0.235f2.716d1.637p0.17 U–Cl(1) 5.3 94.7 
   U–Cl(2) 17.1 82.9 
   U–Cl(3) 7.7 92.3 
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Table 3.13 Continued. 
complex NC* Actinide valence bonds 
Actinide 
(%) 
O/On/Ow 
(%) 
   U–Ow 8.5 91.5 
PuO2Cl2(H2O)3 0.75 7S
0.255f5.176d1.537p0.45 Pu–Cl 21.1 78.9 
*
NC – natural charge 
 
 
 
Based on NBO analysis of actinide complexes, we observe formation of covalent 
bonds between actinide ion and water as well as counter-ions present; however tending 
towards more ionic character. In case of Th(H2O)8
4+ complex, all Th–Ow covalent bonds 
have very high contribution from water O atoms (93%). In case of Pu(H2O)8
4+ complex, 
we found only four Pu–Ow covalent bonds, however the contribution from water O 
atoms was reduced to 90%. In case of ThCl4(H2O)7 and PuCl4(H2O)7, relatively stronger 
covalent bonds are formed between actinide and chloride ions with percentage 
contribution as high as 16% for Th(IV) and 18% in case of Pu(IV) ion. Unlike 
ThCl4(H2O)7, we did not find covalent bonds between Pu(IV) and water O atoms in case 
of  PuCl4(H2O)7.  
From NBO analysis performed on nitrate complex of actinyl species, we found 
covalent bonds formed between nitrate O atoms and U(VI) or Pu(VI) ions with 
percentage contribution from U(VI) being 10–11% and from Pu(VI) being 11–12%, 
respectively. We also found weak Pu–Ow covalent bond for PuO2(NO3)2(H2O)2.(H2O) 
with 90%  contribution from water O atom.   
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3.5 Conclusions 
Density functional theory has been applied to study the structure and solvation of 
U(VI), Pu(IV) and Pu(VI) using relativistic small core effective core potential.  We 
found that zero-point vibrational energy corrections to the binding energies cancel nicely 
with the corresponding empirical dispersion corrections in vacuum despite the fact that 
these corrections individually contribute with up to 3%. In solution, dispersion 
corrections can exceed ZPE correction by up to 13% depending upon the size of the 
molecule; this may be due to the fact that these corrections are more suited to gas phase 
calculations. We also found that solvent effects are critical in examining the structure of 
these solvated ions. In vacuum, we observe hydrolysis of Pu(IV) ion for nine-
coordination which was suppressed on introduction of solvent effects using polarizable 
continuum model. The eight-coordination was found to be most stable for both Th(IV) 
and Pu(IV) ions with nine-coordinated complex being 1.7 kcal/mol and 2.3 kcal/mol 
higher in energy for Th(IV) and Pu(IV) respectively. In case of U(VI) nitrate complexes, 
UO2(NO3)2 complex with nitrates in mono-dentate mode is more stable both in vacuum 
and solution phase than hydrated mono-nitrate complex as well as completely solvated 
UO2(H2O)5
2+ ions with counter-ions far from the central ion. For uranyl mono-nitrate 
complex, monodentate mode is preferred than bidentate mode for mono-nitrate complex 
in solution phase. In case of PuO2
2+, both monodentate and bidentate are equally favored 
for mono-nitrate complex in solution phase. We observed that nitrates are very strongly 
bonded to Pu(IV) ion and they do not dissociate easily and prefer to stay in first 
coordination shell. Unlike nitrates, chlorides are weakly bonded to Pu(IV) ions. Pu(IV) 
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ions although have a greater affinity for chlorides than Th(IV) ions in solution. The 
coordination number for aquo-chloro complexes of Pu(IV) is found to be 8 with three 
chlorides present in the first shell. In case of Pu(VI) chlorides, PuO2
2+ retain five-fold 
coordination number with two chlorides replacing two water molecules bonded to 
Pu(VI) ion. The coordination number for chloro-aquo complexes of Th(IV)  (Nw + NCl) 
is found to be 9–10, and one chloride enters the first coordination shell at 2.8 Å forming 
an inner sphere complex. The NBO analysis performed on actinide complexes reveals 
formation of covalent bonds between actinide ion and water as well as counter-ions 
present, but with high ionic character. 
Both UO2
2+and PuO2
2+ ions show coordination number of 4–5 with counter-ions 
replacing one or two water molecules from the first coordination shell.  On the other 
hand, Pu4+, has a coordination number of 8 both when completely solvated and also in 
the presence of chloride and nitrate ions with counter-ions replacing water molecules in 
the first shell. Nitrates were found to bind more strongly to Pu(IV) than chloride anions.  
In case of Th(IV) ion, the coordination number was found to be 9 or 10 in the presence 
of chlorides. Moreover, Pu(IV) ion shows greater affinity for chlorides than Th(IV) ion.   
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CHAPTER IV  
DETECTION OF U/PU COMPLEXES USING GRAPHENE-BASED 
NANOSENSOR* 
Uranium and Plutonium ions and their complexes play an important role in 
nuclear fuel reprocessing, and their trace characterization is important in nuclear 
forensics. In this chapter, we apply ab initio density functional theory calculations to 
design a graphene based fissile sensor in order to examine its applicability for detection 
of U and Pu complexes. We find that graphene needs to be functionalized to act as an 
effective sensor for detection of these radionuclides. Our calculations show that 
characteristic changes in the molecular electrostatic potential and current-voltage 
characteristics in finite-sized oxidized graphene-based nanojunctions can be used as 
strong signatures of the sorption of uranium and plutonium moieties. 
4.1 Introduction 
Groundwater contamination near nuclear fuel processing facilities due to 
accidental leakage is a major concern for the environment and human life in the 
surrounding areas. Preemptive actions in terms of detection and sensing are needs of the 
hour before any unforeseen disaster such as the Fukushima-Daiichi accident creates 
catastrophic damage to our ecosystem.  
*Reproduced in part with permission from N. Kumar and J.M. Seminario,  J. Phys. Chem. C, Vol 117, 
Issue 45, Pages 24033-24041.  Copyright 2013 American Chemical Society 
 Reproduced in part with permission from N. Kumar and J.M. Seminario, Design and Applications of 
Nanomaterials for Sensors, Springer Netherlands.  Copyright 2014 Springer 
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We review in this chapter our ab initio density functional theory calculations of 
U and Pu complexes with graphene and graphene oxide in order to examine the 
applicability of a graphene-based fissile sensor. Changes in the molecular electrostatic 
potential due to presence of a foreign moiety near graphene or GO can be transduced and 
amplified into current-voltage characteristics at nanoscale. By comparing the change in 
current due to presence of U or Pu complexes near a graphene and graphene oxide, we 
should be able to detect trace amounts of these radionuclides. The plasmonic features of 
nanosized graphene sheets (or graphene oxides) are strongly coupled to their electrical, 
magnetic, vibronic, and optical characteristics, and are significantly affected by presence 
of other molecules (such as nuclear agents) that may attach to its surface. Theoretical 
simulations in the past have shown the possible application of graphene-based devices to 
identify single molecules with high selectivity.36,79  
 
4.2 Methodology 
The Hamiltonian and overlap matrices required for current-voltage calculations 
as explained in detailed in Chapter III are obtained from optimized molecular structures 
of interest using the hybrid functional B3PW91.59-60  This functional utilizes Becke 
exchange61 with some component of Hartree-Fock62-64 and the correlation functional of 
Perdew-Wang65-69, and has been used successfully in a variety of applications involving 
molecular electronics devices70-71. Stuttgart effective core potential and associated basis 
set (ECP60MWB_SEG) are used for plutonium and uranium86-87, with ECP parameters 
based on a quasi-relativistic level of theory.86-87 The LANL2DZ basis set and effective 
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core potentials are used for gold atoms and include some relativistic effects.107-109 For 
other atoms present in the system, 6–31G(d) basis set is used.88 The Stuttgart small-core 
scalar relativistic effective core potentials (also referred as RECP) provide good 
agreement with experimental results with reasonable resources and therefore have been 
used widely to study structure of uranium and plutonium complexes. Successful 
comparison with experiment for Pu were reported (experimental values inside 
parentheses) for the ionization potentials 5.69–5.74 eV (6.03 eV);86-87 and for geometry 
of several plutonium complexes, e.g., PuO2(H2O)5
2+: Pu–O = 1.72 Å (1.74 Å) and Pu–
Ow = 2.44 Å (2.41 Å); PuO2(NO3)2(H2O)2: Pu–O = 1.74 Å (1.73 Å), Pu–Ow = 2.53 Å 
(2.43 Å), and Pu–ON = 2.46Å (2.50 Å); PuO2(Cl)2(H2O)3: Pu–O = 1.73 Å (1.75 Å), Pu–
Ow = 2.53 Å (2.49 Å), and Pu–Cl = 2.67 Å (2.70 Å); Pu(H2O)8
4+: Pu–Ow = 2.39 Å (2.39 
Å).17 Stuttgart ECP as implemented in Gaussian 09 has also been used to study hydration 
and oxidation study of plutonyl ion in gas phase.110  
All of the DFT calculations are performed with the program GAUSSIAN-0990 
with convergence threshold for self-consistent cycle (SCF) set as 10−6 for density matrix 
and 10−8 for root-mean-square and maximum density matrix error respectively.  
Geometry optimizations are carried out with the Berny method91-92. The effect of the 
neighbor contact atoms to the molecule is directly considered in the discrete ab initio 
calculations by using an extended molecule which consists of single gold atom directly 
bonded to the molecule at both ends (Au–M–Au). Once we obtain optimized structure, 
single point energy calculations are performed at each bias voltage to account for charge 
transfer between molecule and the contact atoms as well as any reorganization of 
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electronic structure. The Hamiltonian and the overlap matrices are then extracted for 
each applied voltage. These two gold atoms (nano-contacts) are then assumed to be 
connected to a continuous electronic state of gold clusters connected to an external 
potential difference and acts as the source of electrons. The role of nano-contacts 
(individual gold atoms at each end) is to produce an adequate geometry and retain the 
interface chemistry in the neighborhood of the atoms attached to the gold contact. As a 
result, the pathway of electrons is through this minimum junction setting which is 
retained for all cases for the I-V characteristics.  In case of more practical sensors, more 
than one gold atom will be attached to graphene sheets yielding larger currents. 
Although the scalability can be nonlinear, the idea behind using single gold atom contact 
for the molecule-electrode interface is to design smallest possible sensor. The 
Hamiltonian and overlap matrices obtained from density functional are then used by an 
in house GENIP41,49,111 program which applies Green’s functions theories for calculating 
the current-voltage relationship as described in detail in Chapter III. The GENIP 
program was tested successfully for small molecules like thioalkanes.111 
 
4.3 Results and Discussion 
The first ionization potential of plutonium using B3PW91/ECP60MWB_SEG is 
estimated as 5.72 eV (expt. value 6.03 eV);112 however, it falls nicely in the range 5.69–
5.74 eV obtained with the same basis-set but with state-averaged CASSCF with 
subsequent multi-reference averaged coupled-pair functional calculations86-87 thus 
validating our chosen level of theory and basis-set.  Furthermore, in order to confirm that 
 63 
 
the chosen level of theory correctly identifies lowest energy spin-state, two or more spin 
states are considered for each of the bare ions, Pu4+, PuO2
+, PuO2
2+ studied here (Table 
4.1).  The lowest spin-state of the Pu4+ is found to be quintet, PuO2
+ quartet, PuO2
2+ 
triplet and UO2
2+ singlet, similar to those reported in previous work.10  
 
 
 
Table 4.1. Properties of several spin states of Pu4+, PuO22+, and PuO21+ ions   
Complex m Pu–O q(Pu) q(O) Energy 
Pu
4+
 1  4  −551.04015 
Pu
4+
 3  4  −551.14892 
Pu
4+
 5  4  −551.19622 
Pu
4+
 7  4  −550.63525 
Pu
4+
 9  4  −550.07474 
PuO2
2+
 1 1.654 2.15 −0.08 −703.61595 
PuO2
2+
 3 1.656 2.15 −0.08 −703.65683 
PuO2
2+
 5 1.711 2.19 −0.09 −703.63662 
PuO2
1+
 2 1.690 1.56 −0.28 −704.21144 
PuO2
1+
 4 1.707 1.59 −0.29 −704.28787 
PuO2
1+
 6 1.761 1.64 −0.32 −704.20830 
 
 
 
The lowest-energy spin-state for successive hydrates of the bare ions AnO2
z+ (z = 
1,2) An being U, Np or Pu, are found to be same as that of bare ion as reported in 
literature.110 We also used several multiplicities for other complexes in order to confirm 
that addition of other components does not alter the lowest spin state of bare ion (Table 
2).  In all cases, it is found that the lowest energy spin state of the complex is the same as 
that of the corresponding bare ion.    
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Table 4.2. Calculated properties of several plutonium complexes: q = complex net 
charge, m = multiplicity, Pu–O distance, Pu–Ow distance, q(A) = partial charge in atom 
A, and total energy  
Complex q m Pu–O Pu–Ow q(Pu) q(O) q(Ow) q(Hw) Energy 
PuO2
2+
(H2O)5 2 1 1.695 2.438 1.59 −0.26 −0.83 0.51 −1085.95722 
PuO2
2+
(H2O)5 2 3 1.698 2.441 1.59 −0.27 −0.83 0.51 −1085.99667 
PuO2(NO3)2(H2O)2 0 1 1.712 2.520 1.41 –0.33 –0.79 0.47 –1417.77320 
PuO2(NO3)2(H2O)2 0 3 1.716 2.510 1.42 −0.34 −0.80 0.48 −1417.81304 
cis-PuO2(Cl)2(H2O)2 0 1 1.72 2.492 0.94 −0.34 −0.79 0.49 −1777.69323 
cis-PuO2(Cl)2(H2O)2 0 3 1.72 2.488 0.96 −0.34 −0.79 0.49 −1777.72976 
trans-PuO2(Cl)2(H2O)2 0 1 1.72 2.465 1.02 −0.34 −0.79 0.48 −1777.69659 
trans-PuO2(Cl)2(H2O)2 0 3 1.72 2.464 1.03 −0.34 −0.79 0.48 −1777.73405 
cis-PuO2(Cl)2(H2O)3 0 1 1.72 2.587 0.95 −0.34 −0.80 0.47 −1854.09703 
cis-PuO2(Cl)2(H2O)3 0 3 1.72 2.582 0.97 −0.34 −0.80 0.47 −1854.13428 
trans-PuO2(Cl)2(H2O)3 0 1 1.71 2.523 1.03 −0.33 −0.79 0.47 −1854.10337 
trans-PuO2(Cl)2(H2O)3 0 3 1.72 2.523 1.04 −0.33 −0.79 0.47 −1854.14221 
 
 
 
4.3.1 Geometry Optimization 
Once ground state multiplicities are confirmed, geometry of some common U 
and Pu complexes present in nuclear waste water were optimized, the results of which 
are shown in Figure 4.1–4.2 followed by frequency calculations. All the geometries are 
fully optimized at B3PW91//ECP60MWB_SEG/6-31G(d) level of theory. The bond 
lengths, energy and Mulliken charges for several U and Pu complexes are listed in Table 
4.3–4.4. 
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Table 4.3. Calculated bond distance, atomic Mulliken charges, and energies of AnO2
z+
 (z = 1, 2; 
An = U, Pu) complexes 
Complex q m An–O An–Ow q(An) q(O) q(Ow) q(Hw) Energy 
PuO2
2+
 2 3 1.656  2.15 −0.08 NA NA −703.65683 
PuO2(H2O)2
2+
 2 3 1.696 2.373 1.66 −0.25 −0.83 0.52 −1009.57653 
PuO2(H2O)5
2+
 2 3 1.698 2.441 1.59 −0.27 −0.83 0.51 −1085.99667 
PuO2(H2O)6
2+
 2 3 1.701 2.432
†
 1.56 −0.28 −0.83 0.51 −1162.42399 
PuO2(NO3)2(H2O)2 0 3 1.716 2.510 1.42 −0.34 −0.80 0.48 −1417.81304 
PuO2
1+
 1 4 1.707  1.59 −0.29   −704.28787 
PuO2(H2O)
1+
 1 4 1.719 2.403 1.48 −0.33 −0.83 0.51 −780.73266 
PuO2(H2O)2
1+
 1 4 1.731 2.452 1.41 −0.36 −0.83 0.50 −857.16925 
PuO2(H2O)3
1+
 1 4 1.743 2.456 1.32 −0.39 −0.82 0.49 −933.60248 
PuO2(H2O)4
1+
 1 4 1.752 2.498 1.27 −0.41 −0.82 0.48 −1010.01966 
PuO2(H2O)5
1+
 1 4 1.757 2.568 1.17 −0.42 −0.82 0.47 −1086.42230 
cis-PuO2(Cl)2(H2O)2 0 3 1.72 2.488 0.96 −0.34 −0.79 0.49 −1777.72976 
trans-PuO2(Cl)2(H2O)2 0 3 1.72 2.464 1.03 −0.34 −0.79 0.48 −1777.73405 
cis-PuO2(Cl)2(H2O)3 0 3 1.72 2.582 0.97 −0.34 −0.80 0.47 −1854.13428 
trans-PuO2(Cl)2(H2O)3 0 3 1.72 2.523 1.04 −0.33 −0.79 0.47 −1854.14221 
UO2(NO3)2(H2O)2 0 1 1.755 2.527 1.66 –0.39 –0.81 0.48 –1340.93304 
UO2(NO3)2(H2O)3 0 1 1.755 2.526 1.54 –0.39 –0.82 0.48 –1417.32142 
†PuO2
2+ can accommodate only 5 water molecules in first shell, the sixth water molecule starts forming 
second shell (at 4.133 Å) around the PuO2
2+ ion. 
 
 
 
  
PuO2(H2O)5
2+
 PuO2(NO3)2(H2O)2 cis-PuO2Cl2(H2O)2 trans-PuO2Cl2(H2O)2 
Figure 4.1. Optimized structures of common PuO2
2+
 and UO2
2+
 moieties in nuclear waste 
water  
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cis-PuO2Cl2(H2O)3 trans-PuO2Cl2(H2O)3 UO2(NO3)2(H2O)2 UO2(NO3)2(H2O)3 
Figure 4.1 Continued. 
 
 
 
Table 4.4. Calculated bond distance and atomic Mulliken charges of common Pu(IV) 
complexes 
Complex q m Pu–Ow Pu–X (X=Cl/ON) q(Pu) q(X) q(Ow) q(Hw) Energy 
Pu(H2O)8
4+ 4 5 2.41 NA 2.09 NA –0.85 0.54 –1163.68949 
Pu(NO3)2(H2O)2
2+ 2 5 2.394 
2.246 
3.906 
1.96 
–0.42 
–0.17 
–0.85 0.53 –1266.71432 
Pu(NO3)2(H2O)4
2+ 2 5 2.420 
2.316 
3.970 
1.87 
–0.45 
–0.23 
–0.84 0.52 –1419.61169 
Pu(NO3)4(H2O)3 0 5 2.510 NA 1.73 –0.44 –0.82 0.48 –1904.26732 
PuCl2(H2O)6
2+ 2 5 2.467 2.512 1.18 –0.16 –0.83 0.51 –1932.38799 
PuCl4(H2O)4 0 5 
2.545 
4.216 
2.391 
2.575 
1.01 
–0.28 
–0.60 
–0.82 0.47 –2700.52621 
 
 
 
    
Pu(H2O)8
4+
   Pu(NO3)4(H2O)3  Pu(NO3)2(H2O)2
2+ 
Pu(NO3)2(H2O)2
2+ 
Figure 4.2. Optimized structures of common Pu(IV) complexes present in nuclear waste 
water  
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PuCl2(H2O)6
2+   
PuCl4(H2O)4 
Figure 4.2 Continued 
 
 
 
When these uranyl or plutonyl complexes interact with a graphene molecule 
(Figure 4.3), the Pu–O and U–O bond lengths increase, thus indicating weakening of 
these bonds due to interactions of the actinide ions with graphene.  Table 4.5 lists the 
bond distances of some U/Pu complexes for comparison purposes. 
 
 
 
 
PuCl2(H2O)6
2+
 
on G  PuO2Cl2(H2O)2
 
on G Pu(H2O)8
4+
 
on G 
Figure 4.3. Optimized geometries of some common U and Pu moieties adsorbed on a 
graphene (G) molecule 
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Pu(NO3)4(H2O)3 on G  PuCl2(H2O)6
2+ on G Pu(NO3)4(H2O)3 on G 
Figure 4.3 Continued. 
 
 
 
Table 4.5. Calculated bond distances, atomic Mulliken charges, and energies of Pu complexes 
adsorbed on graphene 
Complex Pu–O Pu–Ow 
Pu–X 
X=Cl,ON 
q(Pu) q(O) q(X) q(Ow) Energy 
PuO2(H2O)5
2+ 1.757 2.564  1.16 –0.42 NA –0.81 –3155.46987 
cis-
PuO2Cl2(H2O)2 
1.739 2.543 2.632 0.96 –0.38 –0.44 –0.79 –3847.03326 
Pu(H2O)8
4+  2.513  1.59   –0.86 –3233.42383 
Pu(NO3)2(H2O)2
2+  2.458 
2.358 
3.999 
1.59  
–0.48 
–0.30 
–0.86 –3336.23895 
Pu(NO3)2(H2O)4
2+  2.512 
2.427 
4.071 
1.50  
–0.49 
–0.33 
–0.84 –3489.08394 
Pu(NO3)4(H2O)3  2.526 
2.874 
3.323 
1.65  –0.45 –0.83 –3973.56671 
PuCl2(H2O)6
2+  2.551 2.672 0.93  –0.43 –0.83 –4001.83962 
 
 
 
4.3.2 Molecular Electrostatic Potential 
The graphene plasmons (pi-electrons) are highly sensitive and significantly 
affected by the electrostatic field of a single molecule adsorbed on its surface. Indeed, a 
change in the molecular electrostatic potential (MEP) of graphene can be observed when 
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interacting with the Pu and U complexes. The molecular electrostatic potential (MEP) of 
graphene and some U/Pu complexes obtained from DFT calculations are plotted on their 
electron density as shown in Figure 4.4. The figure also reflects changes in MEP of 
graphene when U/Pu complexes are adsorbed on its surface which can be used as a 
signature for detection of these radionuclides. The magnitude of the potentials is shown 
by the solid surface colors.  Blue is the most positive potential and red is the most 
negative. All complexes are shown at the same color scale (bottom of Figure 4.3). 
However, a potential challenge for the detection is that some waters are closer to 
graphene than are Pu or U, indicating the need for graphene functionalization to enhance 
sensitivity.  All calculations have been done at B3PW91 level using Stuttgart ECP for U 
and Pu and the 6-31G(d) for other atoms. 
 
 
 
 
C54H20 graphene  UO2(NO3)2(H2O)2
 
 on graphene 
  
           PuCl4(H2O)4     PuCl2(H2O)4
 
on graphene         Pu(NO3)4(H2O)3     Pu(NO3)4(H2O)3
 
on G 
Figure 4.4. MEPs of U and Pu complexes adsorbed on graphene 
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 PuO2Cl2(H2O)2 PuO2Cl2(H2O)2 on graphene 
-0.62 V  0.62 V 
Figure 4.4 Continued. 
 
 
 
GO contains random arrangement of functional groups and large structural 
disorder in the carbon skeleton as a result of partial oxidation. Common functional groups 
reported on oxidation of graphene are -COOH, -OH, -C=O at edges and C-O-C and –OH 
on the basal plane.26-27,113-114  We studied the interaction of plutonium complex with 
graphene oxide (GO) using several functional groups as mentioned earlier.  In this study, 
we present results for (i) a graphene oxide with two –OH and one –O– functional groups 
present or type I (Figure 4.5a), (ii) a graphene oxide containing a carbonyl functional 
group or type II (Figure 4.5b), and (iii) a graphene oxide with a –COOH group (type III). 
The introduction of –CO group on graphene oxide surface leads to breaking of few bonds 
and hence those C atoms are saturated with H atoms to satisfy the valence of carbon 
atoms. The hydrated form of plutonium nitrate was chosen for study due to the fact that 
nitrates form very strong bonds with Pu(IV) ion and hence a real comparison can be made 
with respect to its interaction with graphene oxide.  In case of type I graphene oxide 
(Figure 4.5a), water molecules still remain closest to the GO nanosheet as observed for 
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interaction of plutonium complex with just graphene nanosheet.The molecular orbitals 
HOMO and LUMO, mainly responsible for electron transport remain unaffected by 
presence of Pu(IV) complex thus indicating weak interaction between –OH/ –O–  and 
Pu(IV) complex.  However, when GO with carbonyl group (type II) was tested, we 
observed rearrangement of nitrates around Pu(IV) ion in order to accommodate carbonyl 
group (Figure 4.5b). –CO group is known to form strong co-ordination complexes with d-
block elements. The molecular electrostatic potential when plotted on electron density 
also shows strong changes as can be seen in Figure 4.4c. 
 
 
 
  
(a) Pu(NO3)4(H2O)3 adsorbed on GO (type I)  (b) Pu(NO3)4(H2O)3 adsorbed on GO (type II) 
Figure 4.5. Optimized geometry of nitrato-aquo-complex of Pu(IV) adsorbed on GO 
(type I) and GO (type II) and their corresponding molecular electrostatic potential 
(MEP). 
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(c) MEP of Pu(NO3)4(H2O)3 on type I GO  (d) MEP of Pu(NO3)4(H2O)3 on type II GO 
-0.62 V  0.62 V 
Figure 4.5 Continued. 
 
 
 
4.3.3 Molecular Orbital Diagram 
The change in current-voltage characteristics of the molecular junction is coupled 
to the change in molecular orbitals involved in electron transport at low bias voltages. A 
high conductance is obtained if the molecular orbital (MO) covers the entire molecule 
(delocalized) as there are high probabilities of electron transport at energies similar to 
the one of the MO. On the contrary, if the MOs are localized in certain region, this gives 
rise to high impedance.  The MOs in the vicinity of highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO) for graphene/ graphene 
oxide nanosheets with and without Pu(NO3)4(H2O) complex adsorbed on its surface are 
presented in Figure 4.6a–f. The approaching plutonium nitrate complex causes 
localization of HOMO and LUMO indicating strong interaction (Figure 4.6), and thus 
significantly reduces the current as will be discussed in later sections. 
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HOMO-1  HOMO   LUMO   LUMO+1 
 
 
α-HOMO  α-LUMO  β-HOMO  β-LUMO 
 
 
HOMO-1  HOMO   LUMO  LUMO+1 
 
α-HOMO  α-LUMO  β-HOMO  β-LUMO 
Figure 4.6. Molecular orbital diagrams of (a) graphene nanosheet, (b) Pu(NO3)4(H2O)3 
adsorbed on graphene, (c) graphene oxide GO (type I), (d) Pu(NO3)4(H2O)3 adsorbed on 
GO (type I), (e) graphene oxide GO (type II), (f) Pu(NO3)4(H2O)3 adsorbed on GO (type 
II).  
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HOMO-1  HOMO   LUMO  LUMO+1 
 
 
α-HOMO  α-LUMO  β-HOMO  β-LUMO 
Figure 4.6 Continued 
  
 
 
4.3.4 Current-Voltage Characteristics 
The current-voltage characteristics are obtained through Au-molecule-Au 
junctions using GENIP program. As explained earlier, the geometries of the molecular 
junctions Au-molecule-Au are first fully optimized using the Gaussian program and their 
Hamiltonians and overlap matrices are evaluated in presence of the applied external 
fields. The DOS of the bulk gold contacts is calculated using the Crystal-06 program115 
using periodic boundary conditions. 
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(a) Au-graphene-Au (b) Au-GO(with a –O–)-Au (c) Au-GO(with a –CO)-Au 
Figure 4.7. Optimized structures of graphene/ graphene oxide junctions to be used as 
sensing molecule 
 
 
 
The current-voltage curves for above three junctions (Figure 4.7a–c) are 
presented below in Figure 4.8. As indicated earlier, graphene needs to be functionalized 
to act as an effective sensor for detection of fissile materials such as uranium and 
plutonium complexes. The covalent functionalization can have significant effect on 
electronic properties. The conductance of graphene –O– group causes transformation of 
sp2 hybridized C atoms to sp3 hybridization. This causes conductance to reduce from 
0.67 µAV-1 (for graphene) to 0.035 µAV-1. The conductance decreases exponentially 
with further addition of –O– group. However, addition of –CO group preserves sp3 
hybridization of C atoms and conductance in this case is found to increase from 0.67 
µAV-1 to 9.5 µAV-1. 
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Figure 4.8. Current-voltage curves for graphene/ graphene oxide junctions  
 
 
 
 
(a)      (b) 
Figure 4.9. Density of states plot for a) DOS of Au-graphene-Au, (b) Au-GO(with a –O–
)-Au, and (c) Au-GO(with a –CO)-Au 
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(c) 
Figure 4.9 Continued. 
 
 
 
The conductance obtained depends mainly on the energies of the orbitals in the 
neighborhood of the frontier molecular orbitals HOMO and LUMO) of the molecular 
junction as well as on the Fermi level of the gold electrodes and their coupling to the 
graphene complex. The density of states (DOS) plots for three cases shown in Figure 9a–
c are obtained using GaussSum program
116
. The HOMO-LUMO gap appears to be 
widened by adding –O– group while it is significantly reduced when –CO group is 
present which explains the trend observed in conductance values. 
We also tried to compare our calculated results to those obtained using 
experiments. We find similar trend as reported in literature for electrical conductivities 
comparing graphene and graphene oxide.
117
 The minimum sheet resistance for graphene 
is reported as 6.45 kΩ/sq using experiments.
54
 “Based on lateral dimensions and 
calculated current-voltage characteristics, the sheet resistance is found to be ~ 1150 
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kΩ/sq for our case, which is consistent with the fact that resistance increases with 
decrease in number of channels for electron transport and we consider a single point of 
contact; thus comparing to experiment, a 200 points-contact or ~60 nm electrode would 
yield the same resistance sheet.” 118   
The optimized geometries of the molecular junctions Au–graphene+U/Pu–Au 
used to generate current-voltage curves are presented below in Figure 4.10. All the 
geometries were optimized at B3PW91 level using ECP60MWB_SEG/6-31G(d) basis-
sets. Following optimization, single point calculations were performed at each bias 
voltage to extract Hamiltonian and overlap matrices. 
 
 
 
 
Graphene + Pu(NO3)4(H2O)3 GO(I) + Pu(NO3)4(H2O)3 GO(II) + Pu(NO3)4(H2O)3 
 
GO(III) + Pu(NO3)4(H2O)3 
Figure 4.10. Au-molecule-Au junctions used for generation of I-V characteristics 
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The resulting current-voltage characteristics are shown in Figure 4.11. As 
indicated earlier, since we did not observe appreciable change in pi-pi orbitals on 
graphene surface in the presence of Pu4+ complex, the same is reflected in the I-V 
characteristics with and without plutonium complex adsorbed on a graphene sheet 
(Figure 4.11a) or GO of type I (Figure 4.11b). However, a significant reduction in 
current values is observed in the presence of plutonium complex for type II GO (Figure 
11c). The change in average conductance in the linear region is presented in Table 4.6.  
 
 
 
Table 4.6. Average conductance of graphene/graphene oxide before and after exposure 
to Pu(NO3)4(H2O)3 complex 
Sensing molecule 
Avg. conductance before exposure 
(µAV
-1
) 
Avg. conductance after exposure 
(µAV
-1
) 
Graphene 0.67 0.93 
GO (type I) 0.007 0.006 
GO (type II) 9.5 1.6 
GO (type III) 0.70 0.97 
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(a) 
 
(b) 
Figure 4.11. Current-Voltage characteristics of Pu(IV) complex adsorbed on Graphene/ 
Graphene Oxide: (a) Pu(NO3)4(H2O)3 on graphene, (b) Pu(NO3)4(H2O)3 on GO (type I), 
(c) Pu(NO3)4(H2O)3 on GO (type II), and (d) Pu(NO3)4(H2O)3 on GO (type III).  
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(c) 
 
(d) 
Figure 4.11 Continued. 
 
 
 
It is important here to explain the effect of pH in case of graphene oxide with –
COOH functional group (GO type III), referred to GCOOH in following sections. 
GCOOH can lose H
+
 ions forming GCOO- ion at low pH. The calculated conductance 
changes from 0.705 µAV
-1 
to 1.634 µAV
-1
. When this anionic form interacts with Pu(IV) 
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nitrate complex, the conductance reduces to 0.903 µAV
-1 
(see Figure 4.12). Therefore, 
pH can have strong effects in case of GO (type III) based molecular junctions.  
 
 
 
 
Figure 4.12. Optimized structure and current-voltage curve of Pu(NO3)4(H2O)3 complex 
exposed to anionic form of GO(type III) 
 
 
 
The current-voltage for uranium nitrate complex with graphene and graphene 
oxide are also calculated using similar principles and are shown in Figure 4.13. As in the 
case of Pu(NO3)4(H2O)3 complex, GO with –CO group (type II) appears as more 
affective sensing material than graphene for UO2
2+
 complexes as well. The average 
conductance of graphene in linear region of I-V curve changes marginally from 0.67 
µAV
-1
 to 0.59 µAV
-1 
on exposure to UO2(NO3)2(H2O)2 complex. But in case of GO 
(type II), the average conductance changes significantly from 9.5 µAV
-1 
to 6.3 µAV
-1 
on 
exposure to UO2
2+
 complex. 
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(a) 
 
(b) 
Figure 4.13. Current-Voltage characteristics of UO2
2+
 complex adsorbed on Graphene/ 
Graphene Oxide: (a) UO2(NO3)2(H2O)2 on graphene, and (b) UO2(NO3)2(H2O)2 on GO 
(type II) 
 
 
 
In addition to nitrate complexes, we also obtain current-voltage curves for 
chloro-complexes of Pu(IV) and Pu(VI) ions when adsorbed on graphene. The results 
are shown in Figure 4.14. A noticeable change in the electrical conductance of graphene 
junction can be observed which was absent in case of nitrate molecules. The average 
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conductance of graphene changes significantly from 0.67 µAV
-1
 to 2.23 µAV
-1 
on 
exposure to cis-PuO
2
Cl
2
(H
2
O)
2
 complex, while it creases to 2.28 on exposure to 
PuCl4(H2O)4 complex. Unlike nitrates, the chloride ions are weakly bonded to the central 
cation and hence expose the Pu(IV) and Pu(VI) ions exposed to graphene surface. The 
positive charge of the central cation is not completely shielded and hence charge transfer 
can take place between the actinide complexes and graphene. The effect of positively 
charges actinide complexes on electrical conductance of graphene will become more 
obvious in next chapter. 
 
 
 
 
(a) 
Figure 4.14. Optimized structure and current-voltage curves of (a) PuO2Cl2(H2O)2, and 
(b) PuCl4(H2O)4 complexes adsorbed on graphene nanojunction 
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(b) 
Figure 4.14 Continued 
 
 
 
4.4 Conclusions 
Our study indicated that B3PW91 functional along with Stuttgart effective core 
potential and associated basis-set ECP60MWB_SEG 
87,89
 yielded acceptable results 
when compared to very precise experimental data available.
37,119
 Our calculations also 
show that An–O in actinyls and An–Ow (An – actinide) bond lengths are weakened on 
interaction with graphene. Our results show GO with –CO group as the most promising 
sensing material for detection of radionuclides. 
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CHAPTER V  
ELECTRON TRANSPORT THROUGH GRAPHENE NANOSENSOR FOR 
DETECTION OF EUROPIUM* 
 
In the last chapter, we showed that GO with a carbonyl functional group can be 
used to detect radionuclides in nuclear waste water by measuring the change in electrical 
conductance under an applied external voltage using a combined DFT-Green’s function 
approach.37-38.  In this chapter, we calculate the response of graphene-based nanosensor 
for Eu(III) complexes. Eu(III) complexes are safer and economical for experimentation 
and hence are best surrogates for studying electrochemical response of graphene-based 
fissile sensors.  
 
5.1 Introduction 
As indicated in earlier chapters, we need to identify the europium complexes 
prevalent in aqueous phase. Classical molecular dynamics simulation with explicit 
polarization showed that that europium nitrates are more likely to exist in monodentate 
form.120  However, density functional theory (DFT) calculations performed on Eu(III) 
aquo-nitrate complexes showed that bidentate complex is more stable based on Gibbs 
free energy both in gas phase and aqueous phase.121  However, the change in free energy 
was smaller in solution. Based on this information, we focus on the interaction of 
                                                 
*
 Reproduced in part with permission from N. Kumar and J.M. Seminario,  J. Phys. Chem. C, Vol 119, 
Issue 21, Pages 12037–12046.  Copyright 2015 American Chemical Society 
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europium nitrate complexes in bidentate mode for both dissociated as well as non-
dissociated forms with graphene as they are more likely to be found in nuclear waste 
water. We also studied interaction of europium (III) oxide (Eu2O3) with graphene and 
graphene oxide. The electron transport calculations of  europium oxide-graphene 
complex have important applications in the field of life sciences as luminescent 
bioprobes122-123 and optoelectronics.123  The residual oxygen functionalities present in 
reduced graphene oxide (RGO) are responsible for complexation of Eu(III) ions with 
RGO.122 The electrical properties of Eu2O3-graphene nanocomposite was also recently 
reported experimentally124 showing a linear reduction in electrical conductivity with 
increase in the Eu2O3 content. 
 
5.2 Methodology 
We use density functional theory59-60 with the hybrid functional B3PW9168-69,125-
127.  B3PW91 functional has been used successfully in a variety of applications related to 
clusters of atoms,128-131 molecular electronics devices,132-133  and other metallic 
clusters.134-140  For the gold LANL2DZ basis set and effective core potential141-143 are 
used for the gold atoms while the Stuttgart effective core potential and associated basis 
set ECP28MWB_SEG144-145 are used for europium. The 6-31G(d) basis set146 is used for 
other remaining atoms.  Geometry optimizations are carried out with the Berny 
method147-148  and the optimized stable structures are confirmed local minima by 
performing frequency (second derivatives) calculations. All of the structure optimization 
and frequency calculations are performed with GAUSSIAN-09 program90.  
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In order to obtain the I-V characteristics we use our in house GENIP program. 
The molecular junction consists of a graphene molecule (G) C54H20 terminated with gold 
atoms at opposite ends. The geometries of Au–graphene–Au molecular junctions are 
also fully optimized. The gold atoms are further assumed to be connected to two semi-
infinite gold electrodes to which an external voltage is applied. The current-voltage through the 
molecular junction is calculated using a DFT-Green’s function approach as discussed in earlier 
chapters.  In addition, the macroscopic gold electrodes are terminated in one discrete gold 
atom attached to the two ends of the graphene sensor. The DOS of the semi-infinite gold 
electrodes act as the source of electrons and calculated using the program CRYSTAL.115  
Next we obtain optimized geometries of several europium nitrate complexes adsorbed on 
the Au-graphene-Au molecule. When a foreign molecule (europium complex in our 
case) is adsorbed on top of the graphene surface, it causes a change in electrical 
conductance of the molecular junction calculated using similar procedure. 
The molecular electrostatic map (MEP) is mapped on electron isodensity 
surfaces for the Eu(NO3)3(H2O)4 complex alone as well as when it is complexed with 
graphene. The MEPs are observable quantity149-151 and thus valuable tools to measure 
chemical reactivity, electron transfer process, and chemical recognition. The electron 
density is fully and uniquely dependent on the nuclei as per the Hohenberg-Kohn 
theorem;59 therefore, when combined with MEP provides a unique signature of the 
nuclei to be detected.  
In order to further understand the bonding nature, we perform natural bond 
orbitals (NBO) analysis for europium (III)-graphene complexes. NBOs are a set of 
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orthonormal localized maximum occupancy orbitals that describe the orbitals in the form 
of core, bonding, anti-bonding, and Rydberg orbitals.152 This partitioning method is then 
used to determine atomic partial charges using natural population analysis (NPA).153 The 
Mulliken charges are also listed for comparison purpose.   
 
5.3 Results and Discussion 
 The first and second ionization potentials of europium calculated using the 
B3PW91/ECP28MWB_SEG level of theory were 5.55 and 11.31 eV, respectively, which 
are very close to the experimental values of 5.67 and 11.24 eV, respectively.154 The 
ground state electronic structures predicted for Eu ([Xe]4f76s2), Eu+ ([Xe]4f76s1), and 
Eu2+ ([Xe]4f7) matched exactly with published results.154    
The structure optimizations of europium nitrate complexes reveal that the Eu–OW 
and Eu–ON bond lengths increase when approaching the graphene molecule as shown in 
Table 1 where OW and ON are the nearest neighbor oxygen atoms of water molecules and 
nitrate ions, respectively.  The increase in bond lengths marks the weakening of bonds 
similar to that observed in case of uranyl and plutonyl complexes adsorbed on 
graphene.37-38  We also report the zero-point energy corrections along with total electronic 
energy for each molecule in Table 5.1. 
The binding energies of trinitrate, dinitrate and mononitrate complexes of Eu(III) 
adsorbed on graphene (Figure 5.1) are calculated as -3.2, -25.3 and -65.5 kcal/mol 
respectively.  The binding energy is defined as the difference between the sum of the total 
energy of the graphene molecule (G), -2068.73684 hartrees, and that of the nitrate 
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complex (Table 5.1) from the total energy of the graphene-europium nitrate complex. The 
zero-point vibrational energies corrections are also included in binding energy.  
 
Eu(NO3)3(H2O)4  Eu(NO3)2(H2O)5
1+
  Eu(NO3)(H2O)7
2+ 
 
Eu(NO3)3(H2O)4 on G  Eu(NO3)2(H2O)5
1+
 on G  Eu(NO3)(H2O)7
2+
 on G 
Figure 5.1. Stable conformations of europium nitrate complexes with a graphene 
molecule (G) C54H20.  Eu(pink), C(grey), O(red), N(blue), and H(white). 
 
 
 
Table 5.1. Calculated Bond Lengths, SCF Energies and ZPE Correction of Europium 
Nitrate Complexes Before and After Adsorption on Graphene (G) 
Complex 
Eu–OW 
(Å) 
Eu–ON 
(Å) 
SCF Energy (Ha) 
ZPE 
(kcal/mol) 
Before adsorption     
Eu(NO3)3(H2O)4 2.51–2.61 
2.40–2.50a 
2.44–2.50 
2.47–2.63a 
-1856.98563 94.0 
Eu(NO3)2(H2O)5
1+ 2.44–2.57 2.40–2.42 -1652.95486 98.0 
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Table 5.1 Continued. 
Complex 
Eu–OW 
(Å) 
Eu–ON 
(Å) 
SCF Energy (Ha) 
ZPE 
(kcal/mol) 
Eu(NO3)(H2O)7
2+ 2.44–2.52,  
2.44b 
2.34 -1525.21852 119.9 
After adsorptionc     
Eu(NO3)3(H2O)4_G 2.53–2.64 2.46–2.53 -3926.28482 443.7 
Eu(NO3)2(H2O)5
1+_G 2.52–2.65 2.48–2.53 -3722.28977 448.1 
Eu(NO3)(H2O)7
2+_G 2.56–2.69 2.52 -3594.61668 469.4 
a experimental values from X-ray structures155 
b average bond lengths from molecular dynamic simulations120 
c Graphene molecule (G), C54H20, with SCF energy of -2068.73684 hartrees 
 
 
 
The atomic charge analysis in Table 5.2 indicate that the charge of Eu decreases, 
that of OW is unaffected, and that of ON is affected slightly as when europium nitrate 
complexes are adsorbed on graphene molecule. However for after adsorption case, as the 
total charge of the overall complex increases, Mulliken analysis show decreasing charge 
on Eu. On the other hand, natural population analysis (NPA) shows more consistent 
atomic charges. Like Mulliken population, the charge of Eu and nitrate O atoms decrease 
after adsorption, but the charge of Eu increases as total charge of the complex increases.  
The natural charges of Eu in trinitrate, dinitrate and mononitrate complexes are +1.19, 
+1.21, and +1.23 after absorption. Atomic charges are not expectation values thus they 
are based on definitions: Mulliken analysis divides the overlap population equally 
between two atoms forming a bond and it is known to be basis set dependent whereas 
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NPA charges are known to show better stability for compounds containing high ionic 
character.153  
 
 
 
Table 5.2. Mulliken and Natural Charges of Europium Nitrate Complexes Before and 
After Adsorption on Graphene (G) 
Complex 
qEu 
(e) 
qOW 
(e) 
qON 
(e) 
qEu 
(e) 
qOW 
(e) 
qON 
(e) 
Before adsorption  Mulliken   NPA  
Eu(NO3)3(H2O)4 1.44 -0.81 -0.39, 
-0.50 
1.21 -0.91 -0.35, 
-0.52 
Eu(NO3)2(H2O)5
1+ 1.55 -0.82 -0.35, 
-0.50 
1.40 -0.92 -0.30, 
-0.53 
Eu(NO3)(H2O)7
2+ 1.60 -0.84 -0.29, 
-0.48 
1.62 -0.96 -0.23, 
-0.53 
After adsorption       
Eu(NO3)3(H2O)4_G 1.39 -0.82 -0.41, 
-0.50 
1.19 -0.92 -0.37, 
-0.52 
Eu(NO3)2(H2O)5
1+_G 1.30 -0.83 -0.40, 
-0.52 
1.21 -0.93 -0.36, 
-0.55 
Eu(NO3)(H2O)7
2+_G 1.18 -0.84 -0.37, 
-0.53 
1.23 -0.96 -0.34, 
-0.58 
 
 
 
5.3.1 Molecular Electrostatic Potential Maps 
Figure 5.2 shows the molecular electrostatic potentials (MEP) of europium nitrate 
complex adsorbed on graphene calculated on a isodensity surface of 0.0004 e/au3.  This 
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surface encloses all points around the molecule that have the same electron density.  The 
electrostatic potential is color-coded on the isodensity surface ranging from values of +1 
(blue) to -1 (red).  The isodensity surface is roughly at 2.3 Å from the plane of carbon 
atoms in graphene.  The electrostatic potential of any foreign molecule, such as 
lanthanide or actinide, is able to modulate the properties of the graphene plasmons (sea of 
pi-electrons on the graphene surface).  Similarly, to some extent, as the density of carriers 
are modulated by the potential in the gate of a field-effect transistor.156  Graphene 
electrical and optical responses depend on the interaction of those plasmons with the 
moieties bound to the graphene surface.   
The MEPs are, in principle, indicators of charge affinity at the possible points of 
interaction of a molecule either before or after the interaction takes place.  This is why 
MEPs are used to predict initial attack sites by another molecule; certainly, the site 
conditions may change according to the nature of the two interacting molecules.  In our 
particular case under study, the MEP of graphene had a given shape before interacting 
with a molecule and another shape after a molecule gets trapped on the graphene.  We are 
interested in analyzing those changes in shape around the regions of neutral potential (~0 
MEP), i.e., regions in green color in Figure 5.2.  A green region near to a yellow one 
means a change to the negative side and a green region near a light blue correspond to a 
change to the positive.  These shape changes on graphene could produce a change on the 
current-voltage characteristics that we could use to sense the molecule.We suggest that 
plasmons are highly sensitive and likely to be affected by the electrostatic field of a single 
molecule.157  Indeed, a significant change in the electrostatic field of graphene (Figure 
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5.2a,b) was observed when interacting with the europium complexes as the potential 
color map of graphene changes from yellow to blue (Figure 2d) at the nearest distance 
from the Eu(III) complex (Figure 5.2c).  The change in the potential suggests electron 
transfer from graphene to the europium nitrate complex and is further corroborated from 
the natural population analysis (Section 5.2).  A challenge for the detection is that some 
water molecules are closer to graphene than is Eu. 
 
 
 
 
 (a) (b) (c) (d) 
 
Figure 5.2. Molecular electrostatic potentials of Eu(NO3)4(H2O)4 complexes adsorbed on 
graphene.  Blue is the most positive potential and red is the most negative; all complexes are at 
the same color scale and the location of the atoms is indicated in Figure 1. (a) top view of 
C54H20 (b) side view of C54H20 (c) Eu(NO3)4(H2O)4  (d) Eu(NO3)4(H2O)4 on C54H20 
 
 
 
5.3.2 Current-Voltage Characteristics 
The current-voltage curves (Figure 5.3) for mononitrate, dinitrate, and trinitrate 
complexes of Eu(III) adsorbed on a graphene molecule were calculated using the 
procedure GENIP (Chapter II).  From Figure 5.3a–b we can infer that water molecules 
when coordinated to the Eu(III) neutral complex, practically suppress any change in the 
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electrical conductance of graphene.  In general, the electrical conductance of the Au–G–
Au junction increases with an increase in the charge of the europium nitrate complex, as 
seen in Figure 5.3b–d.   
We suggest that this trend is a result of the mutual effect of the HOMO–LUMO α-
gaps and the delocalization of the frontier molecular orbitals.  The α-HOMO-LUMO gaps 
were calculated as 0.38, 0.40, and 0.37 eV for trinitrate, dinitrate and mononitrate 
complexes, respectively.  On the other hand, a plot of the MO’s for the trinitrate complex 
show that the α-HOMO is fully delocalized on the graphene and partially on the Eu-
complex and the α-LUMO is only localized on the Eu-complex.  However for the 
dinitrate both the HOMO and the LUMO are fully delocalized on the graphene and 
partially on the Eu-complex.  Therefore, we conclude that although the dinitrate complex 
has a slightly larger gap, the effect of delocalization of the HOMO and LUMO results in 
better conductance than the trinitrate complex.   
Finally the mononitrate complex has smaller gap than all of the others and have 
the LUMO fully delocalized and the HOMO localized on the Eu-complex; we assume 
that the smaller gap determines the larger conductance behavior of the mononitrate 
complex. Notice that the beta HOMO-LUMO gaps were 1.67, 1.62 and 1.57 eV, 
respectively, therefore they are not determining factor for the conductance due to larger 
HOMO-LUMO gaps with respect to the alpha orbitals; however this large difference 
between alpha and beta gaps suggests the possibility of using this sensor as a spin filter 
for spintronics.  The HOMO-LUMO gap for graphene molecular junction was estimated 
to be 1.71 eV; however, this gap becomes 1.69 eV when the gold atoms are added. The 
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higher charge on the cation complex introduces a strong polarization effect in the 
graphene molecule.  The total natural charges of the graphene molecular junction (Au-
graphene-Au) were +0.13, +0.56, and +0.90 in case of trinitrate, dinitrate and mononitrate 
complexes, respectively, according to the NPA we performed for the three cases shown in 
Figure 5.3(b–d).  These results are of higher importance for dilute solutions.  As already 
shown by others using bulk MD simulations,
120
 Eu(III) complexes are more likely to exist 
in dissociated ion form; the higher charge on the cation will result in higher sensitivity of 
the graphene junction. 
 
 
 
 
Figure 5.3. Current-Voltage characteristics and frontier molecular orbitals with their 
energies for (a) Eu(NO3)3, (b) Eu(NO3)3(H2O)4, (c) Eu(NO3)2(H2O)5
1+
, and (d) 
Eu(NO3)(H2O)7
2+ 
adsorbed on graphene.  These structures were first geometry-optimized 
and then used as shown in Scheme 1 in order to calculate the I-V characteristics.  Dotted 
lines indicate the response of the graphene sensor before exposure to europium nitrate 
complexes.  
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α-HOMO  α-LUMO  β-HOMO  β-LUMO 
(-4.69 eV)  (-4.27 eV)  (-4.95 eV)  (-3.32 eV) 
(a) 
 
 
α-HOMO  α-LUMO  β-HOMO  β-LUMO 
(-4.74 eV)  (-4.37 eV)  (-4.81 eV)  (-3.13 eV) 
(b) 
Figure 5.3 Continued 
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α-HOMO  α-LUMO  β-HOMO  β-LUMO 
(-6.40 eV)  (-6.20 eV)  (-6.86 eV)  (-5.24 eV) 
(c) 
 
Figure 5.3 Continued 
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α-HOMOα-LUMO β-HOMO β-LUMO 
(-8.46 eV)(-8.10 eV) (-8.91 eV) (-7.33 eV) 
(d) 
Figure 5.3 Continued 
 
 
 
We also calculated current-voltage curves for a europium oxide (Eu2O3) complex 
observed on graphene, graphene oxide (GO), and GO containing an epoxy group (Figure 
5.4).  The results for G (Figure 5.4a) already show a sharp change on the I-V curve when 
the Eu(III) is added to the sensor, at least in the range from 1 to 2 V showing, as exected 
a symmetric curve.  The graphene oxide we chose has a –CO group on its surface 
(Figure 5.4b) due to its higher binding tendency towards heavier elemenents.37-38  The 
effect on the I-V is even larger than the case of the graphene sensor and it is in 
agreement with the experimental trends.122  We observed that the electrical conductance 
decreased two-fold in magnitude in the case of GO when a single molecule of Eu2O3 was 
in contact with GO.  In the case of the GO containing an epoxy group (Figure 5.4c), also 
a large change is observed on the I-V characteristics at voltages larger than 0.5 V.    
The NBO analysis for the three molecules shown in Figure 5.4 was performed in 
order to understand the charge transfer mechanism.  Eu atoms from Eu2O3 form strong 
ionic bonds with the carbonyl oxygen atom present on the GO surface as observed from 
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the NBO analysis results.  The total natural charge on the Eu2O3 complex in the presence 
of GO was +1.25, indicating a strong charge transfer between the GO molecular junction 
and the Eu2O3 molecule.  The alpha HOMO-LUMO gap of the Au-GO-Au junction 
increased from 0.94 eV to 1.37 eV on exposure to Eu2O3, resulting in reduced electrical 
conductance.  The graphene molecular junction experienced an ~8.5 increase in 
electrical conductance in the -1.0 to +1.0 V range.  The interaction between Eu2O3 and 
the graphene molecular junction was also purely electrostatic in nature according to the 
NBO analysis with a total natural charge of the Eu2O3 complex of +0.835.  Unlike the 
GO molecular junction, the alpha HOMO-LUMO gap of the Au-graphene-Au junction 
decreased from 1.71 eV to 1.11 eV when Eu2O3 was complexed with graphene.  On the 
other hand, we found that oxygen atoms from the epoxy group are non-reacting towards 
Eu2O3; this is important because epoxy groups are the most common functional groups 
present on GO.  The net charge on Eu2O3 complex is close to zero (-0.04) using the 
NPA, suggesting negligible charge transfer between the europium complex and GO 
junction after adsorption.  The lower values of current are due to the presence of sp3 
hybridized carbon atoms bonded to the O atom and, hence, the electrical conductance is 
very low when compared to that of the graphene molecular junction.  The g2/g1 ratio 
increases from 1.9 at ~0.5 V to 3.9 at ~1.0 V, where g1 and g2 are electrical conductance 
values at the Au-GOX-Au junction before and after, respectively, exposure to the Eu2O3 
complex.    
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(a) 
 
(b) 
Figure 5.4. Current-voltage characteristics for Eu2O3 adsorbed on the surface of (a) 
graphene, (b) graphene oxide (GO) with a –CO functional group, and (c) graphene oxide 
with –O– group (GOX). Dotted lines indicate the current before exposure of graphene 
sensor to Eu2O3.  
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(c) 
Figure 5.4 Continued. 
 
 
 
5.4 Conclusions 
We performed ab initio molecular orbital calculations to predict the behavior of 
graphene sensors under the exposure of europium (III) complexes and our calculations 
predict noticeable changes in the electron transport of graphene based sensors; therefore, 
supporting the fabrication of these nanosensors.  The larger the change in electron 
transport characteristics, the better the sensitivity.  The theoretical current-voltage 
performed on graphene molecular junctions shows an increase in electrical conductance 
in the presence of Eu(III) complexes.  The interaction between Eu(III) ions and graphene 
was found to be predominantly electrostatic in nature.  Conductance increases with an 
increase in positive charge of europium atom perhaps because the increase produces a 
combined effect on the energy gaps and on the delocalization nature of the frontier 
molecular orbitals.  In GO molecular junctions, Eu2O3 forms strong ionic bonds with 
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carbonyl oxygen atoms present on the GO surface causing a reduction of conductance as 
also supported by others.  Interestingly, the epoxy O atoms present on the GO surface 
does not take part in the charge transfer process.   
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CHAPTER VI  
DNA ORIGAMI-APTAMER ASSEMBLY FOR CAPTURE OF THROMBIN 
 
The fabrication of DNA origamis is one of the very few possibilities to create 
nano-structures with precise atomistic tailored geometries of a variety of shapes.  In 
addition, these origamis can in turn be functionalized or be impregnated with specialized 
aptamers in order to convert them into nanosensors or to tune them with pre-specified 
properties simply by impregnating single-stranded DNA or RNA chains (aptamers) via 
the precise features of DNA pairing.  We performed molecular dynamics simulations to 
determine the relative energetics associated with the capture of thrombin by two 
aptamers TBA26 and TBA29 attached to a rectangular DNA origami.  The molecular 
simulations provided detailed structural information of aptamer-enzyme interactions 
which are crucial for the design of aptamer-based biosensors in an efficient way.  In 
addition, the simulations also showed a remarkable selectivity of the biosensor assembly 
for thrombin.  Technical problems due to the large number of atoms involved together 
with the range of approximations are also discussed.  The detection, capture, sensing of 
enzymes is of great significance in biomedicine.  In particular, the detection of thrombin 
is a major task in cardiovascular diagnostics and therapeutics.  On the other hand, our 
simulations can be extended to detect biotoxins or any other chemical or biological agent 
by simply choosing proper aptamers. 
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6.1 Introduction 
The DNA origami has emerged as a new and promising pathway to self-assemble 
DNA into desired complex two-dimensional158 and three-dimensional shapes.159  The 
DNA origami structure usually consists of a single long DNA strand (scaffold) of a viral 
genome which is folded back and forth in a desired pattern so that it constitutes one of 
the two strands in each helix.  The DNA helices are held together by a periodic array of 
crossovers at which short complementary oligonucleotides (staple) run from one helix 
and continue to the next helix to keep the scaffold in place.158  The programmed folding 
of DNA strands into custom shapes can have profound applications in nanotechnology 
such as molecular electronics,78,81,158,160-166 mobile nano and micro mechanical 
devices,167 biosensors and therapeutics,168 precision catalysis, and several  others yet to 
be discovered.  In particular, the DNA origami can act as a vehicle for docking of 
protein- or enzyme-specific aptamers without loss of activity, and therefore, it can be 
used as a biosensor.  Aptamers are single stranded DNA or RNA chains, typically 
consisting of 15-40 nucleotides in length with high affinity and specificity for molecular 
targets such as proteins, nucleic acids and other small organic molecules.169-172  Nucleic 
acid aptamers have significant advantages over protein therapeutics due to smaller size, 
non-immunogenicity,169-170 and stability over wide pH and temperature range.170  
Thrombin inhibition by aptamers can be reversed by using complementary single 
stranded DNA sequences (antidotes).168,173  Aptamers cause minimal immune response 
and toxicity when compared to conventional drugs;173 however, aptamers are limited by 
relatively short half-life due to nuclease degradation.170  In order to enhance their 
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activity towards target molecules and stability against degradation, two common 
strategies apart from chemical modification, have been developed: (1) using assembly of 
aptamers joined together by simple nucleotide linkers173 or annealing to more complex 
DNA scaffolds168 and (2) conjugation of aptamers to nanoparticles.174  In this work, we 
are interested in detection of thrombin, a serine protease involved in blood coagulation.  
Thrombin is directly involved in the conversion of soluble fibrinogen (a glycoprotein) 
into fibrin clot as well as platelet activation.169,173  The presence of thrombin indicates 
the existence of blood clot.   
Among others, there are three well known aptamers for thrombin, TBA15 (HD1), 
TBA26, and TBA29 also known as HD22.  The structure of TBA15 (5’-
GGTTGGTGTGGTTGG-3’) has been determined experimentally and is characterized as 
a chair-like quadruplex arrangement consisting of two planar guanine quartets connected 
by two TT loops and a single TGT loop.173,175 175-176  The structure of TBA26 (5’-
CGCCTAGGTTGGGTAGGGTGGTGGCG-3’) has not been determined 
crystallographically; however, there exists structural similarities between TBA15 and 
TBA26.177  The structure of TBA29 has also been published in literature173,178 but it 
consists of 27-mer only without the first and last nucleotides.  TBA29 (‘5-AGT CCG 
TGG TAG GGC AGG TTG GGG TGACT-3’) contains both a G-quadruplex connected 
by two TT and a GCA loop and a duplex motif near 5’- and 3’-ends.178  TBA15 and 
TBA26 binds on anion-binding-exosite I (ABE-I) using their quadruplex structure while 
TBA29 is known to bind on anion-binding-exosite II (ABE-II) of thrombin using its 
duplex structure.173,179  ABE-I is responsible for molecular recognition of fibrinogen 
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while ABE-II is required for interaction with heparin (an anti-coagulant), a cofactor for 
the inhibition of thrombin by antithrombin (a glycoprotein produced by lever).169 
Aptamers have shown to be very promising for designing biosensors for 
detection of several types of enzymes such as thrombin.  Several aptamer-based sensors 
for thrombin utilizing a single 15-mer thrombin binding aptamer (TBA)171,180-181 or two 
non-overlapping aptamers (TBA15 and TBA29),172,182-183 184 have been reported and 
their sensing mechanisms can be based on several strategies such as fluorescence 
resonance energy transfer (FRET),172,181-182 electrochemistry,183-184 surface enhanced 
Raman scattering (SRS),180,185-186 and surface enhanced resonance Raman scattering 
(SERRS).171  There has been considerable research on SERS-based sensors for thrombin.  
Bizzarri et al.185 reported a SERS-based sensor using gold nanoparticle capped with a 
bifunctional molecule having a thiol group to bind with gold nanoparticles and a 
diazonium moiety capable of reacting with aromatic residues of protein; their detector 
was based on typical vibration of diazo bonds.  On the other hand, Pagba et al.180 
designed a SERS based sensor using TBAs as molecular receptors; this sensor utilized 
immobilized silver nanoparticles functionalized with thiol modified TBA15 and the 
binding of thrombin was indicated by the presence of additional Raman bands.  Wu et 
al.186 developed a turn-off biosensor using a combination of SERS and enzymatic 
amplification for detection of thrombin.  Among the electrochemical sensors, Zheng et 
al.183 fabricated a two-aptamer based sensor in sandwich shape; one of the aptamers was 
immobilized on a magneto nanoparticle while the other aptamer was labeled with gold.  
In a separate work, Yang et al.184 implemented a sandwich-like biosensor where one of 
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the aptamers was attached to gold electrodes via a thiol group while the second aptamer 
was labeled with CdSe quantum dots.  Fluorescence-based sandwich microarray for 
detection of thrombin using two distinct aptamers has also been reported.172,182  On the 
other hand, the impedance of DNA origamis were reported experimentally at room 
temperature187-188 and as function of temperature189 which can be potentially exploited to 
tether aptamers in fixed positions for designing electrochemical sensors. 
The binding affinities of TBAs with thrombin have been reported both 
experimentally and theoretically using molecular mechanics; the experimental binding 
free energy of TBA15 with thrombin was reported as 8 ± 1 kJ/mol using isothermal 
titration calorimetry190 while theoretically the binding free energy was reported as 17 
kcal/mol using molecular dynamics and umbrella sampling.191  In another theoretical 
work, HD22 was shown to have higher binding energy than HD1.192  The theoretically 
calculated binding free energies are usually on the higher side.  Recently, Rangnekar et 
al.168 showed that multiple aptamers tethered at programmed positions on an origami-
based DNA weave-tile structure can be used to maximize anticoagulant activity; the 
DNA architecture used only 2 DNA strands without any cross-overs and the helix ends 
were connected by –TTTT– loops and the aptamers HD1 and TBA29 (HD22) were 
connected to the DNA nanostructure via a –TT– spacer; the antithrombin activity of the 
aptamer-DNA nanostructure as well as its reversal were found to be rapid and stable. 168 
168 168 168 168 168 168 168 170 171 169  However, there are not many studies done on the structure 
and dynamics of these assemblies to understand the phenomena at molecular level.  In a 
pioneering work, Yoo et al.193 using an all-atom molecular dynamics simulation reported 
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the characterization of the structure and dynamics of rod-like monolithic DNA origami 
and structural properties were found to match with experiments.  In another work, by 
King et al.,194 continuum mechanics was applied to study the stretching, twisting and 
bending mechanics of DNA origami structures by modeling them as bundles of 
homogeneous elastic rods connected by rigid crossovers using finite elements method.   
In this chapter, using an all-atom molecular dynamics approach, we study the 
structure and dynamics of thrombin docked on an aptamer-DNA origami assembly 
prepared for biosensing applications.  We obtain complete structural models of TBA26 
and TBA29 based on the knowledge of nucleotide sequences and structural similarities 
between TBA15 and TBA26.  The TBA26 and TBA29 aptamers are then docked on a 
rectangular DNA origami and the molecular dynamics of the thrombin biosensor 
assembly in the presence of thrombin is performed using the CHARMM27 force field.  
The simulations not only show a remarkable selectivity of the nanobiosensor assembly 
for thrombin, but also can be extended to detect biotoxins such as ricin by simply 
choosing proper aptamers. 
 
6.2 Methodology 
The molecular dynamics of thrombin biosensor assembly has been performed 
using LAMMPS program.195  The CHARMM27 force field196-197 is employed for DNA 
origami and protein structures along with TIP3P water model.  The ion parameters are 
taken from CHARMM27 force field.  The DNA origami is constructed using caDNAno 
program.198  The spatial arrangement of DNA origami consists of rod-like structures on a 
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square lattice.  The origami consists of a long continuous scaffold with cross-overs at 
fixed length.  Complementary DNA strands (also referred to as staples) are then added to 
the scaffold.  The sequences corresponding to circular genomic DNA from the virus 
M13mp18 are then assigned to both scaffold and staples.  An all-atom representation is 
then generated from the caDNAno geometry along with the sequence using caDNAno to 
PDB conversion tool.193,199  
All-atomic models of two aptamers TBA26 were generated from their known 
sequences and structural information available in literature using the UCSF Chimera 
program200.  TBA26 is known to bind at the exosite I of thrombin using G-quadruplex 
structure similar to TBA15.  We replaced TBA15 by TBA26 in the x-ray 
crystallographic structure of human alpha thrombin inhibited by 15-mer DNA aptamer 
(PDB ID 1HUT)176 and then using sequence matching we docked TBA29 on the exosite 
II using x-ray crystallographic structure of alpha thrombin complexed with 27-mer 
aptamer (PDB ID 4I7Y)178.  Two staples of DNA origami nanostructure are then 
selected and their backbone is split in the middle, creating aptamer junctions.  The 
approximate distance between two split points is ~60 Å.  The ends of the two aptamers 
TBA26 and TBA29 along with thrombin are then connected to the origami at the 
specified locations using four thymine bases as connectors at each end of the aptamers.  
Thrombin is then finally docked on the biosensor using Chimera program by careful 
placement of the thrombin-aptamer binding sites.  The biosensor-thrombin assembly is 
further solvated by adding an extra 5 Å blanket of water molecules to avoid interaction 
of the origami structure with its image.  Counter-ions (Na+) are added to make the whole 
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system neutral.  All the visualizations have been performed using VMD program201. The 
structure files are generated using psfgen tool available in VMD. Finally LAMMPS 
input files are generated using the charmm2lammps tool available in LAMMPS program 
using the CHARMM27 topology and parameter files196.  
We use periodic boundary conditions in all three-directions and an inner and 
outer cut-off of 14 and 16 Å are used for both Lennard-Jones and Coulombic potentials, 
respectively.  We avoided long range electrostatic corrections due to the little uniformity 
of the whole system as well as to avoid interaction of aptamers and thrombin with their 
respective periodic images.  The MD simulations begin with a minimization in order to 
fix any unusual bonds created initially, followed by a ramp of temperature from 0 K to 
300 K using a time step of 0.5 fs under the Berendsen thermostat202 with a damping time 
of 50 fs under the NVE ensemble.  The system is then equilibrated at 300 K for 3 ns 
under NVT ensemble with a time step of 1 fs.  The average interaction energy of 
thrombin with the rest of the atoms is obtained during a 500 ps of production run.   
The steps following the aptamer connections are repeated several times by 
moving the thrombin to four different locations both in horizontal and vertical directions 
on the biosensor in order to access the likelihood of the binding event of protein-origami 
assembly . The number of water molecules and ions as well as volume of the simulation 
box is kept fixed for all cases in order to have a consistent comparison.  Our study is 
based on the assumption that the interaction energy of thrombin to the aptamer-origami 
assembly in the presence of solvent and counter-ions can be used as a measure of 
probability of binding event.  In addition, we also performed molecular dynamic 
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simulations of TBA26 and TBA29 in the presence of thrombin individually in order to 
compare their binding affinities. 
 
6.3 Results and Discussion 
Molecular dynamic simulation of TBA26-thrombin and TBA29-thrombin show 
that TBA26 binds to the exosite I of thrombin using its G-qadruplex structure whereas 
TBA29 has a higher affinity for exosite II of thrombin and binds using both G-
quadruplex and duplex motifs.  The root mean square displacement (RMSD) of protein 
structure for the two cases are shown in Figure 6.1a,b during the course of equilibration 
at 300 K.  We observed that the RMSD becomes constant after 3 ns of equilibration.  
The pair-wise interactaction energy of TBA26 and TBA29 with thrombin is plotted in 
Figure 6.1c,d.  Thus TBA29 has a much higher binding afffinity for thrombin than 
TBA26 as indicated by higher interaction energy between TBA29 and thrombin.   
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(a) 
 
(b) 
Figure 6.1. Root-mean-square displacement of thrombin during equilibration at 300 K 
for (a) TBA-thrombin complex and (b) TBA29-thrombin DNA complex.  Pair-wise 
interaction energy of thrombin with (c) TBA26 and (d) TBA29 aptamers 
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(c) 
 
(d) 
Figure 6.1 Continued. 
 
 
 
Figure 6.2 shows thrombin docked between the TBA26 and TBA29 aptamers, 
which are tethered to the DNA origami structure at 300 K after 3 ns of equilibration.  
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The entire system is immersed in a box of water molecules.  Sodium cations are added to 
make the system neutral.  
 
 
 
 
Figure 6.2. Docking of thrombin on DNA origami-aptamers assembly 
 
 
 
The DNA origami surface is composed of a long scaffold made of 1,152 
nucleotides, 33 staple strands with 32 nucleotides each, 2 staples with 26 nucleotides 
each, and 2 staples with 22 nucleotides each.  The two vertical aptamers are TBA29 on 
the left (37 nucleotides including –TTTT– at both ends) and TBA26 on the right (34 
nucleotides including –TTTT– at both ends); in addition, there are 2,371 Na+ ions (orange 
dots) all surrounded by 239,243 water molecules (not shown for the sake of clarity).  The 
total number of atoms is 800,133 and the whole box is 338.8 Å long, 273.0 Å wide and 
93.8 Å high; with 328.8 Å and 263.0 Å as the length and width of the origami plane. 
Table 6.1 provides the detailed pair-interactions of thrombin with two aptamers.  
The TBA29 (left aptamer in Figure 6.3) interacts with multiple residues of thrombin (88-
94, 123-132, 159-166, 237-248) when using both, the duplex as well as the quadruplex 
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structure.  The aptamer TBA26, however, only interacts with thrombin residues (9, 62, 
66, 70-78, 114) using its G-quadruplex structure.   
 
 
 
Table 6.1. DNA Aptamers (A)’ Nucleotides (N) Interacting with Thrombin Residues 
A N thrombin residues 
 THY 9 ILE 9, HSD 66, GLU 72, ILE 75, TYR 114 
 THY 10 ARG 73, ASN 74, ILE 75 
TBA26 GUA 11 ARG 73 
 GUA 18 ARG 62, TYR 71, ILE 78 
 THY 19 ARG 70, TYR 71, ARG 73 
 GUA 20 ARG 70 
 GUA 6 ARG 89 
 GUA 9 ARG 89 
 THY 10 PRO 88, ARG 89, TYR 90, ASN 91, TRP 92, ARG 93, GLU 94 
 ADE 11 ARG 89, ARG 93 
 GUA 18 LYS 244 
 THY 19 TYR 85, TRP 241, LYS 244, GLN 248 
TBA29 THY 20 HSD 87, PRO 88, ARG 89, TRP 241, LYS 244 
 GUA 21 ARG 89 
 GUA 22 LYS 240 
 GUA 23 ARG 237, LYS 240 
 GUA 24 ARG 123, ARG 237 
 THY 25 
ARG 123, ARG 127, LEU 130, GLN 131, ALA 132, ILE 159, 
ARG 162, ARG 237 
 ADE 27 ARG 162, ASP 175 
 CYT 28 PRO 163, LYS 166 
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Figure 6.3. Equilibrated structure of thrombin docked between two aptamers TBA29 
(left) and TBA26 (right) at 300 K.  The aptamers are tethered to the DNA origami by a 
TTTT sequence at both ends.  Aptamers are represented by ribbons and are color coded 
based on their residue type: ADE (blue), CYT (orange), GUA (yellow), and THY 
(magenta).  Thrombin (center) is represented as a cartoon and color coded according to 
its secondary structure. 
 
 
 
Figure 6.4 shows the variation of the sum of the kinetic and potential energies 
versus time during an equilibration run at 300 K.  Though there is a small negative slope 
at the end of the 3 ns, the interaction energy of thrombin with origami and other 
molecules becomes fairly constant.  The small change in the total energy is due to further 
relaxation of the DNA origami structure.  The kinetic energy reached steady state quickly 
as shown by the almost flat behavior of the temperature-time plot.  . 
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(a) 
 
(b) 
Figure 6.4. Total energy (a) and temperature (b) evolution during equilibration of DNA 
origami-thrombin assembly at 300 K shown in Figure 2 and Figure 5a, (c) Root mean 
square displacement of thrombin trapped between two aptamers as a function of time 
during equilibration at 300 K.   
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(c) 
Figure 6.4 Continued. 
 
 
 
Since our goal is to study the capture of thrombin using a DNA origami-aptamer 
assembly, we made an attempt to study the migration of thrombin on the origami surface.  
However, the simulation time span of realistic simulations is insufficient to study this 
phenomenon, primarily due to the large size of the whole system.  Therefore, in order to 
determine the binding properties of DNA origami-aptamers assembly, we performed 5 
different molecular dynamics runs starting from several locations of thrombin on the 
origami surface (Figure 6.5).  Figure 6.6 shows the variation of total interaction energy of 
thrombin with rest of the atoms including water and ions over last 500 ps of equilibration. 
We then calculated the average and standard deviation of interaction energy of thrombin 
with its surroundings as listed in Table 6.2.  We use the total values of energies to check 
the equilibrations of our samples; however the energy relative values are used to 
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understand the energetics.  Among all the pair interaction energies, the one for thrombin 
with DNA origami-aptamers assembly (column dna in Table 6.2) is the most important.  
Our hypothesis is that the latter provides the binding affinity of thrombin with the 
aptamer-origami assembly in the presence of counter-ions and solvent 
 
 
 
  
a  b 
  
c  d 
Figure 6.5. Snapshots (structures) of equilibrated structure at 300 K for several locations 
of thrombin on the DNA origami-aptamer assembly: a bound to the two aptamers at 
exosites I and II, b away from the two aptamers facing the two aptamers, c approaching 
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TBA26, d approaching TBA29, and e interacting with the two aptamers away from 
exosites I and II.  
 
 
e 
Figure 6.5 Continued. 
 
 
 
 
Figure 6.6. Interaction energy versus time of thrombin with the rest of the atoms present 
in the system for each of the five locations of thrombin shown in Figure 6.5 
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Based on the total interaction energy of thrombin with rest of the atoms, structure 
a where thrombin is docked between two aptamers has a maximum negative energy 
followed by structure c where thrombin is very far from TBA29 but somewhat closer to 
TBA26.  However, when considering the interaction of thrombin with DNA origami-
aptamer assembly alone (column dna in Table 6.2), the structure a has a much greater 
contribution of interaction with aptamer-origami assembly when thrombin is docked 
between two aptamers.  There is a higher contribution from thrombin-solvent 
interactions when thrombin is far from the aptamers compared to the structures a and e.  
This suggests that there is an exchange of neighboring water molecules when thrombin 
binds to the aptamers as it has been also suggested in previous literatures.203-204  
However, in bulk water, the effect of solvent and ions are expected to be uniform and the 
interaction of thrombin with aptamer is expected to dominate.  All conformations show a 
negative binding energy due to electrostatic repulsion between negatively-charged DNA 
and thrombin residues.  However, when thrombin is located between two aptamers 
(structure a), the binding energy is much larger than when thrombin is closer to each of 
the aptamers individually (Figure 6.1c,d).  As the thrombin moves farther from origami-
aptamer assembly, the interactions become very weak.  We also performed equilibration 
runs by moving thrombin perpendicular to the origami plane and much closer towards 
the origami surface (structure e).  Compared to structure a, the binding energy is smaller 
due to the difference in binding sites.  Thus the interaction of thrombin with the aptamers 
is very site-specific and any change in the location of thrombin with respect to the two 
aptamers, as shown in structure a, results in a lower binding affinity. 
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Table 6.2. Average Interaction Energies of Thrombin with the Components of the 
Origami Assembly1 
s all ∆ dna ∆ ion ∆ water ∆ 
a -35,289 93 -6,110 32 -451 13 -28,729 90 
b -33,806 92 -35 10 223 14 -33,993 91 
c -34,707 100 -678 12 -226 12 -33,802 101 
d -33,360 87 -852 15 -375 16 -32,133 87 
e -33,982 97 -6,002 36 10 13 -27,990 90 
1Interactions with DNA ions and water (all), DNA assembly only (dna), ions only (ion), 
and solvent only (water); each followed by their standard deviations (∆) for all structures 
(s) in Figure 6.5.  All energies are in kcal/mol 
 
 
 
We also did a comparison analysis of the two minima structures in order to study 
the effect of cut-offs for non-bonded interactions by performing equilibration runs using 
inner/outer cut-off of 8Å/10Å, 10Å/12Å, 12Å/14Å, and 14Å/16Å.  The ineteraction 
energies of thrombin with the rest of the molecules present in the system were calculated 
for each structure and compared with each other.  Except for 8/10 Å cut-off, the structure 
with thrombin captured between two aptamers (structure a) has the maximum negative 
interaction energy in all structures.    
 
6.4 Conclusions 
We performed a molecular dynamics study of the structure and capture of 
thrombin by a DNA origami-aptamer assembly in order to estimate binding affinities 
based on relative energy of interaction between nuclic acids and thrombin residues.  We 
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found that TBA29 shows a higher binding energy to thrombin than to TBA26, which 
binds to exosite I via its quadruplex structure while TBA29 prefers exosite II via both of 
its duplex and quadruplex structures to bind to thrombin.  The two aptamers attached to 
the DNA origami assembly have better binding affinity to thrombin than the 
corresponding binding of the two aptamers without the origami, meaning that the origami 
boost each individual aptamer binding to thrombin.  Thrombin shows a strong interaction 
with water molecules which can be a challenge in designing efficient biosensors.  
Nevertheless, predictive modeling can provide a deep insight into the function of 
biomolecules and thermodynamic processes of binding with novel biosensor assemblies.
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CHAPTER VII  
HYDRODESULFURIZATION OF HEAVY OIL USING CLUSTER MODEL* 
 
Using materials genome initiative ideas, it is possible to create new materials 
with tailored properties for applications in nanoelectronics, catalysis among many other 
fields. With current advances in computational resources both software and hardware, 
catalyst design from first principles is becoming reality. The removal of sulfur from 
heavier fractions of crude oil as well as middle distillates has a great significance in 
petroleum refining industry. The growing uncertainties in supply of crude oil have 
forced refiners worldwide to process wide variety of crude. In order to adhere to the 
stringent environmental norms, the refineries now have to produce gasoline and diesel 
with sulfur content as low as few ppm which demands highly effective novel catalysts. 
 
7.1 Introduction 
Molybdenum disulfide, MoS2, is a versatile material belonging to layered 
transition-metal dichalcogenide family and composed of vertically stacked, weakly 
interacting layers held together by van der Waals forces.  The wide range of electronic, 
optical, mechanical, chemical and thermal properties of MoS2 has been the focus of 
many review articles in the past.205-207  It has a sizable bandgap that changes from 
indirect to direct bandgap on exfoliation of single layer which causes changes in 
                                                 
*
 Reproduced in part with permission from N. Kumar and J.M. Seminario,  J. Phys. Chem. C, Vol 119, 
Issue 52, Pages 29157-29170.  Copyright 2015 American Chemical Society 
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photoconductivity, absorption spectra and photoluminescence.206  As a result, MoS2 has 
great potential applications in electronic devices,206,208 photodetectors, and 
optoelectronic devices209.  The edge modification of MoS2 clusters is responsible for the 
enhanced catalytic activity in HDS catalysis210 and electrocatalysis for hydrogen 
evolution211-215.  Its high surface-to-volume ratio can be exploited in molecular sensing 
applications like NO216, NO2
217 as well as biomolecules218.  The application of MoS2 for 
energy storage application205,219 has also generated significant interest among 
researchers.  Due to high reversible capacity, easier intercalation and extraction of 
lithium ions and low average voltage, MoS2 has potential applications as both 
anode215,220 and cathode221 materials for secondary lithium ion batteries.205   
 The hydrodesulphurization (HDS) is one the most important processes in a 
refinery to remove sulfur containing compounds from petroleum fractions.  Common 
catalysts used for removal of sulfur from heavy oil in refineries are mainly based on 
molybdenum disulfide (MoS2), usually promoted with cobalt or nickel, which modify 
the electronic properties of the MoS2 matrix, thus enhancing its desulfurization catalytic 
activity.  
Over the last decade, significant effort has been made to elucidate the reaction 
mechanisms and to identify reaction intermediates using both periodic and finite cluster 
approaches via density functional theory.  The advantage of using periodic calculations 
using plane wave basis sets is the lower computational cost to study large MoSx clusters; 
however the drawback is the high coverage and defects are difficult to model.222  
However, industrial catalysts are highly dispersed and have predominant sizes within 10-
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30 Å, i.e., one to four Mo atoms on a corresponding edge assuming regular hexagonal 
clusters as most stable structure.223  Therefore, the use of MoS2 clusters with sizes close 
to real MoS2 particles instead of periodic structures should be more realistic.
224  The 
cluster approach provides efficient analysis tools for single molecule adsorption.222 
Theoretical study of MoS2 surface showed that depending on the reaction 
conditions, the catalytic edges are covered by sulfur and hydrogen and there are not 
many actives sites or coordinately unsaturated sites (CUS) available for HDS 
reaction.225-227  Hydrogen undergoes dissociative adsorption forming Mo–H and S–H 
pairs as most favorable case.  Under working conditions, the most stable surface 
obtained was Mo-edge with 50% sulfur coverage with S atoms in bridging 
positions.226,228-230  The promoter atoms Ni and Co were located predominantly at the 
edges with Ni substituting Mo atoms at the Mo-edge while Co atoms substituting Mo 
atoms at the S-edge.225,228,230-231  The Ni atoms at the Mo-edge resulted in square planar 
structures and were not covered by S atoms under HDS conditions while Co and Mo 
atoms at the S-edge were 50% sulfide with sulfur atoms in bridge positions.  The 
bridging sulfur atoms on Mo atoms were located in zig-zag configuration while those on 
Co atoms occupied regular bridge positions between metal atoms.232  Hydrogen can also 
react with S creating vacancies and it was shown that the barrier to create a vacancy on 
Mo-edge was 0.67 eV, i.e., it was lower than the barrier for S-edge, which was 1.34 eV.  
The promoters Co and Ni decrease the barrier to create vacancies on Mo- and S-edges.226  
The H2 to H2S molar ratio decreases at the end of a catalytic cycle or at the bottom of an 
industrial reactor and the most stable surface is the one with three sulfur atoms on Mo-
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edge and S-edge containing six sulfur atoms.  The adsorption mechanism of thiophene 
and DBT on MoS2 catalyst have been studied in detailed.
233  Two common modes of 
adsorption are the η1 and η5.  The HDS of DBT can follow either direct desulfurization 
(DDS) forming biphenyl or a hydrogenation (HYD) pathway forming cyclohexyl 
benzene as final product.233  There is also considerable research done on hydrogen 
activation on Mo-S, Co-Mo-S and Ni-Mo-S under working conditions.  The adsorption 
of hydrogen on Mo-S was exothermic with high activation barrier while on Co-Mo-S 
adsorption was exothermic.  Ni-S sites were not observed due to their instability.  Thus, 
substitution of promoters helps in creating stable CUS sites.234  Molecular hydrogen 
undergoes heterolytic dissociation on Mo-edge to form one Mo-H and S-H pair with Ea 
= 0.50 eV and two S–H on S-edge with an activation barrier of 1.25 eV.227  Cobalt was 
more stable on S-edge while Ni can be present on both Mo-edge and S-edge.  A 
systematic evaluation of the number of S atoms and then of the number of vacancies on 
the edges for different promoters has not been done yet.  Adding cobalt increases the 
amount of hydrogen present on a catalytic surface.222   
Sun et al.230 studied MoS2 modified with Ni and Co partially or fully under 
sulfiding conditions.  Ni was mostly present on Mo-edge while Co was preferred on the 
S-edge.230  For unpromoted MoS2 at molar ratio of H2S to H2 >> 1, fully sulfided Mo-
edge and S-edge was obtained.  For Ni-Mo-S catalyst, sulfur was only present on Mo 
atoms and Ni–S was unstable.  On the other hand, for Co-Mo-S, Co–S bonds formed if 
molar ratio of H2S to H2 > 0.05 and the most stable structure is bridge S between Mo and 
Co.230  Regarding the dissociation of hydrogen on the Ni(Co)Mo catalyst, it was found 
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that heterolytic dissociation on unpromoted MoS2 leads to the formation of Mo–H and 
S–H pairs and Ni-promoted in Mo-edge requires a slightly lower activation energy of 
0.04 eV while Co-promoted in an S-edge requires an activation energy of 0.6 eV; 
however, fully promoted Ni has no sulfur on Mo-edge while fully promoted Co has 
bridge sulfur on the S-edge.235-236  On an unpromoted Mo-edge containing bridge S, 
homolytic dissociation to form two S–H groups is preferred over the Mo-H and S-H 
pairs and over two Mo–H pairs; however, on unpromoted S-edge, hemolytic dissociation 
becomes endothermic.  For Ni-promoted Mo-edge, the molecular hydrogen dissociation 
is the rate determining step; however, once dissociated, Ni–H and S–H pairs are very 
mobile.  For Co-promoted on S-edge, dissociation is highly exothermic forming two S–
H groups.  For Ni-Mo-S, the ability to generate H-species with higher reactivity on the 
surface, favors the HYD pathway.  For Co-Mo-S, cobalt reduces the dissociation energy 
of hydrogen on the S-edge but dissociated H-species are less mobile and therefore favors 
HDS over HYD.235-236 
Adsorption of thiophene and DBT on catalytically active MoS2 has been studied 
in great detail. Thiophene was shown to adsorb in the η5 configuration with thiophenic 
ring parallel to the Mo-edge.  This configuration resulted in the highest adsorption 
energy and helped in the C–S bond scission.237  Orita et al.238 studied adsorption of 
thiophene on MoS2 cluster for several adsorption modes using a finite cluster approach, 
showing that simplification to a Mo16S32 cluster is reasonable for examining the 
adsorption of thiophene due to its correct stoichiometry and electroneutrality without any 
saturating hydrogen atoms.  Thiophene remains flat in the η1 mode but becomes bent in 
 130 
 
other configuration.  The adsorption of thiophene required CUS sites on Mo-edge.238  
Faye et al.239 used a Mo12S24 cluster as a model for active phase for adsorption of 
thiophene.239  Yang et al.240 used a Mo10S18 cluster to study adsorption of DBT and alkyl 
substituted DBT as well as their hydrogenated derivatives and showed that flat 
adsorption is favored over perpendicular adsorption.  The adsorption energy increased 
for a flat adsorption on hydrogenation of phenyl rings while it decreased for 
perpendicular adsorption due to fewer available sites.  Their results showed that DBT 
and alkyl substituted DBT show similar interaction in flat mode while steric hindrance 
plays an important role in perpendicular adsorption.240  Wen et al.224 studied structure 
and stability of several MoSx clusters and showed that Mo16Sx can model S coverage on 
Mo-edge effectively and the addition of S to Mo-edge was always exothermic.  They 
obtained two stable structures, one with 33% S-coverage and one with 50% coverage on 
Mo-edge with 100% S on the S-edge.  They also obtained one stable structure with 67% 
S on the S-edge with no S on the Mo-edge.224  Borges et al.241 used distributed multipole 
analysis to study the electronic structure and microwave effects on adsorption of 
thiophene over a Mo16S32 cluster.
241  The HYD and DDS reaction pathways for HDS of 
thiophene over MoS2 at both Mo-edge and S-edge under typical reaction conditions were 
reported using density functional theory and finding that under HDS conditions, the most 
stable edge configurations correspond to the Mo-edge with 50% S coverage and 50% H 
coverage and a S-edge with 100% S coverage and 100% H coverage.242-243  Their work 
showed that HYD can proceed at Mo-edge even in the absence of CUS Mo sites.  The 
HYD pathways follow hydrogenation of thiophene to form 2-hydrothiophene followed 
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by hydrogenation to form 2,5-dihydrothiophene and subsequent S–C bond scission while 
DDS involves the first initial hydrogenation followed directly by S–C scission.242  Thus, 
it was predicted the interplay of Mo-edge and S-edge in catalyzing HDS reactions where 
adsorption and hydrogenation occur at Mo-edge and S–C scission occurs at S-edge.  
However, vacancies were required at the S-edge for reactions to occur.242  DBT and 
alkyl substituted DBT also underwent through two parallel reaction pathways: DDS 
yielding biphenyl-type compound, or HYD yielding tertrahydro-DBT and cyclohexyl 
benzene-type products.244  For DDS pathway, hydrogenation of one double bond in the 
aromatic ring next to sulfur atom occurred followed by S–C bond scission by elimination 
process while for HYD successive hydrogenation of one of the aromatic ring occurred 
followed by S–C bond scission.244  The role of Ni and Co promoters on HDS of 
dibenzothiophenes in the presence of H2S and amines was studied experimentally and 
the results showed that Ni-promoted MoS2 catalyst was less sensitive to amine than 
unpromoted as well as Co-promoted MoS2 catalyst.
232  The rate of DDS pathway for 
DBT was dependent on the nature of the catalytic surfaces and increased as Mo << 
CoMo << NiMo.  The higher DDS rate in CoMo was a result of the higher number of S-
vacancies available on the S-edge while in Ni-promoted catalyst, the rate of DDS 
increased significantly due to presence of one free coordination site which can easily 
adsorb DBT.  On the other hand, the HYD pathway of DBT can occur on both S-covered 
and uncovered Mo, CoMo and NiMo edges, but the reaction was strongly hindered in 
the presence of amines.232 
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In this work we focus on the removal of thiophene and dibezothiophene (DBT) 
over both, unpromoted and Ni-promoted MoS2 catalyst using a finite cluster approach.  
Efforts have been made to analyze HDS reactions over both pristine MoS2 as well as 
under industrial conditions. Since HDS of thiophene has been widely investigated, we 
use it as control calculations and we focus on the HDS of DBT. 
 
7.2 Methodology 
The molecular dynamics simulations of sulfur-containing hydrocarbon oil over 
MoS2 catalyst are performed using the Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS) program245. The hydrocarbon sample is a mixture of 217 n-C15, 
369 n-nonylcyclohexane, 130 n-nonylbenzene, 152 naphthalene and 217 thiophene or 
dibenzothiophene molecules and it corresponds to a specific gravity of ~0.68-0.76 
(diesel fraction), sandwiched between two parallel MoS2 clusters each of 
111.89×14.85×95.53 Å3.  The simulation box also contains H2 molecules distributed 
randomly in the oil mixture.  The initial atomic coordinate file is generated with the 
Packing Optimization for Molecular Dynamics Simulations (Packmol) program246.  
Periodic boundary conditions (PBC) are applied in all three directions and the system is 
first minimized at 0 K and then heated to 600 K under the microcanonical NVE 
ensemble.  A cut-off of 10 Å is used for both van der Waals (VdW) and Coulombic 
interactions.  All parameters for bonded and non-bonded interactions are taken from the 
universal force field (UFF)247-248.  The charge equilibration method (QEq) is used to 
determine charges on each atom based on the electronegativity equalization for each 
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atom as described by Rappe and Goddard249.  The ionization potentials, electron affinity 
and atomic radii required for the QEq procedure is obtained from the values given by 
Rappe et al.249 Atom velocities are rescaled at every time-step with the Berendsen 
thermostat250 within the NVE ensemble to control the temperature.  This is followed by 
equilibration at 600 K for 50 ps with a time-step of 0.05 fs (0.025 fs in case of 
thiophene) under NVT ensemble. Such a small time step was required for the 
convergence of charge equilibration procedure.  Visualization of trajectories is 
performed using the graphics software package VMD.201  A number density plot of 
thiophene/DBT S and H atoms from H2 molecule is then generated using the Density 
Profile Tool251 available for VMD. 
All quantum chemistry calculations are performed using GAUSSIAN-09 
Program252 using density functional theory253-254 with the hybrid functional B3PW91255-
260.  The LANL2DZ basis-set with effective core potentials261 is applied for transition 
elements (Mo, Ni) while 6-31G(d,p) basis-set262-263 is used for the remaining atoms.  
Geometry optimization is performed using the Berny method91-92 with self-consistent 
field (SCF) convergence threshold of 10-6 for the density matrix and 10-8 for the RMS 
and maximum density matrix error respectively.  A cluster model for MoS2 catalyst with 
formula Mo16S32 is employed as suggested by other researchers
238.  The binding energy 
for adsorption of hydrogen, thiophene, and dibenzothiophene is then calculated from the 
total energies.  Calculations are performed for both unpromoted and Ni-promoted MoS 
catalysts. 
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7.3 Results and Discussion 
Figure 7.1 provides the initial snapshot of a simulation box containing a 
hydrocarbon mixture containing thiophene and gaseous hydrogen between two layers of 
MoS2 catalyst layers. The catalyst edges exposing Mo-edge without any sulfur and S-
edges without any defects were modeled in this simulation. The objective here is to 
identify the orientations of thiophene molecules with respect to the catalyst edges as well 
as their locations before the HDS reactions progress. 
 
 
 
 
Figure 7.1. Unit cell simulation box for periodic in all three dimensions MD simulations.  
The unit cell contains 217 n-C15, 369 n-nonylhexane, 130 n-nonylbenzene, 152 
naphthalene and 217 DBT, with 108 H2 molecules sandwiched between two parallel 
MoS2 slabs; each MoS2 slab contains 3456 Mo and 6912 S atoms, making a total of 
57515 atoms for the full unit cell. 
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Following equilibration, we observe that most of the thiophene molecules diffuse 
from the bulk hydrocarbon oil to the catalyst edges. The density plot of thiophene 
molecules is shown in Figure 7.4(a) after 50 ps of equilibration at 600 K. The density plot 
shows two peaks near 2 Å and 5 Å from the catalyst edges indicating reactive sites for 
thiophene molecules. The thiophene molecules show multiple orientations close to the 
catalyst edge as observed in Figure 7.2. The temperature and total energy plots during the 
equilibration are shown in Figure 7.3. The density plot of gaseous hydrogen molecules is 
shown in Figure 7.4(b). The density maxima are located at 1 Å from the edges. Since we 
have not considered dissociative adsorption of hydrogen in the molecular dynamics, 
hydrogen molecules are repelled away from the edges as seen from a wider peak near the 
middle of the simulation box.  
 
 
 136 
 
 
Figure 7.2. Snapshot of equilibrated system showing thiophene and H2 between the two 
layers of MoS2 catalyst using the UFF with charge equilibration. For the sake of clarity 
the HC oil is not shown.   
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(a) 
 
(b) 
Figure 7.3. Temperature T (a) and total energy E (b) versus time (t)  plot of hydrocarbon 
mixture between two MoS2 layers as decribed in Figure 7.2. 
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(a) 
 
 (b) 
Figure 7.4. Density n (atoms/Å3) of (a) S from thiophene and Mo from MoS2, and (b) H 
from H2 and S from MoS2 (b) along the y axis.  
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with two peaks at 2 Å and 5 Å respectively (see Figure 7.5). By visual inspection of the 
orientations of dibenzothiophenes in Figure 7.5, we observe that the DBT molecules 
closest to the edges are parallel to the surface. However, the peaks are narrower when 
compared to thiophene as seen in Figure 7.6. However, as the reaction progresses, the 
catalytic surfaces will be covered by sulfur and hydrogen atoms making parallel 
adsorption less likely.  
 
 
Figure 7.5. Snapshot of equilibrated system showing DBT and H2 between two layers of 
MoS2 catalyst using UFF with charge equilibration.  HC oil is not shown for the sake of 
clarity. 
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(a) 
 
(b) 
Figure 7.6. Density n (atoms/Å3) of S from DBT and Mo from MoS2 (a) and H from H2 
and S from MoS2 (b) along the y axis (Å).  
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In order to study specific reaction sites of thiophene with MoS2 and some of their 
doped variations, we calculate several of their cluster conformations (Figure 7.7).  Most 
of them are based on variations of basic cluster of Mo16S32 to which we have doped with 
Ni atoms and approached or attached to H2 or thiophene molecules. As reported in 
literature, Ni and Co act as promoters and predominantly present on the edge sites.  We 
obtain the optimized geometries of Ni-promoted MoS2 clusters for both partially 
promoted and fully promoted cases.  Pristine MoS2 yields the strongest binding to 
thiophene when interacting with two Mo in parallel adsorption mode (see Table 7.1).  
This bonding strongly reduces ~60% when the interaction is to only one Mo in 
perpendicular adsorption mode.  Adding promoters further weakens these interactions as 
the calculated binding energies decreases further as shown in Table 7.1.  However, it has 
already been shown by other researchers that pristine form of MoS2 clusters is less likely 
to be present under reaction conditions. Therefore we also obtain the optimized 
structures of MoS2 clusters with sulfur atoms present on the Mo-edge to study the 
adsorption of thiophene.  Our calculations show that S-vacancies are necessary on Mo-
edge to create coordinately unsaturated sites for adsorption of thiophene as can be seen 
from close to zero value of binding energy.  Since the reactions occur in an atmosphere 
of H2 and H2S, these vacancies will be continuously created and destroyed.  The most 
stable Mo-edge under reaction conditions was shown to contain three S atoms in 
bridging positions.226,228-230  In order to create a single S-vacancy, we remove one S atom 
from the Mo-edge and re-optimize the structure for both unpromoted and Ni-promoted 
clusters.  It is also interesting to note that when promoted with Ni, S atoms are only 
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present on the Mo atoms which is understandable since Ni-S bonds are less stable as 
reported earlier.234  The binding energies of adsorption of thiophene on sulfur-containing 
Mo-edges are much smaller than those of pristine Mo-edges. 
 
 
 
 
 T Mo16S32 NiMo15S32 
 
Ni3Mo13S32    Mo16S35    Mo16S34 
 
Ni1Mo15S34   Ni1Mo15S33   T-Mo16S32 on eMo 
Figure 7.7. Adsorption of thiophene (T) on unpromoted and Ni-promoted Mo16S32 
clusters. Binding energies with thiophene inside parentheses: Mo(cyan), C(grey), 
S(yellow), Ni(blue), and H(white).  
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T-Mo16S32 on eMo T-Ni1Mo15S32 on pNi eMo T-Ni3Mo13S32 on pNi eMo 
   
T--- Mo16S35 on eMo T--- Ni1Mo15S34 on pNi eMo T-Mo16S34 on eMo 
 
T-Ni1Mo15S33 on pNi eMo 
Figure 7.7 Continued. 
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Table 7.1. Total (E) and Binding Energies (D) of Thiophene and MoS2 Clusters at the 
B3PW91/LANL2DZ/6-31G(d,p) Level of Theory 
Complex E (Hartree) D (eV) 
Thiophene (T) -552.89741  
Mo16S32 -13823.38206  
NiMo15S32 -13925.15425  
Ni3Mo13S32 -14128.68166  
Mo16S35  -15018.01421  
Mo16S34 -14619.85984  
Ni1Mo15S34 -14721.59832  
Ni1Mo15S33 -14323.37740  
T-Mo16S32 on eMo -14376.38136 -2.77 
T-Mo16S32 on eMo -14376.31897 -1.07 
T-Ni1Mo15S32 on pNi eMo -14478.08712 -0.97 
T-Ni3Mo13S32 on pNi eMo -14681.60426 -0.69 
T--- Mo16S35 on eMo -15570.91201 -0.01 
T--- Ni1Mo15S34 on pNi eMo -15274.49576 0.0 
T-Mo16S34 on eMo -15172.77806 -0.57 
T-Ni1Mo15S33 on pNi eMo -14876.34697 -1.96 
 
 
 
Since the HDS reactions are carried out in the presence of hydrogen, it is equally 
important to study the activation of hydrogen on MoS2 clusters and the role of promoters 
on the nature of catalytic surface present under reaction conditions.  Gaseous hydrogen 
can get adsorbed on Mo-edge activating the H–H bond as indicated by increases in bond 
length from 0.73 Å to 0.86 Å. Hydrogen atoms once dissociated can adsorb on Mo-edge 
and S-edge as well as the corner sites as shown in Figure 7.8.  Our calculations show that 
hydrogen undergoes dissociative adsorption on both Mo-edge and S-edge forming a 
variety of surfaces.  The adsorption is most exothermic in case of Mo-edge and least on 
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S-edge as shown in Table 7.2. When Mo-edge is partially promoted by nickel atoms, the 
exothermicity of the reaction decreases and becomes endothermic when the Mo-edge is 
fully promoted by nickel atoms as there are no Mo atoms available for Mo–H formation.  
Hydrogen plays a key role in creation of S-vacancies in addition to directly participate in 
HDS reactions.  Similarly, H2S can also be adsorbed on Mo-edges when sulfur vacancies 
are present.  The reaction changes from exothermic to endothermic when nickel atoms are 
present as promoters.   
 
 
 
 
H2-Mo16S32 on eMo  H2---Mo16S32 on c  H2---Mo16S32 on eS 
 
2H-Mo16S32 on eMo 2H- Mo16S32 on c 2H-Mo16S32 on eS 
Figure 7.8. Adsorption of H2 (binding energy 4.71 eV) and H2S on unpromoted and Ni-
promoted Mo16S32 clusters Mo16S32. Catalytic sites are indicated by e = edge, c= corner, 
p = promoted, and “-” indicates bonded and “---” indicates nonbonded.  Color coding 
follows Mo(cyan), C(grey), S(yellow), Ni(blue), and H(white). 
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2H-Ni1Mo15S32 on pNi eMo 2H-Ni3Mo13S32 on pNi eMo H2S- Mo16S34 on eMo 
 
2SH- Mo16S33 on eMo H2S-Ni1Mo15S33 on pNi eMo 2SH-Ni1Mo15S32 on pNi eMo 
Figure 7.8 Continued. 
 
 
 
Table 7.2. Energy (E) and Binding Energy of H2 and H2S Adsorption (D) on Mo16S32 Clusters at 
the B3PW91/LANL2DZ/6-31G(d,p) Level of Theory 
Complex E(Hartree) D (eV) 
H2 -1.17752 -4.71 
H2-Mo16S32 on eMo -13824.58490 -0.69 
H2---Mo16S32 on c -13824.55957 0.00 
H2---Mo16S32 on eS -13824.55957 0.0 
2H-Mo16S32 on eMo -13824.59853 -1.06 
2H-Mo16S32_H2 on c -13824.58580 -0.71 
2H-Mo16S32_H2 on eS -13824.57564 -0.44 
2H-Ni1Mo15S32 on pNi eMo  -13926.35418 -0.61 
2H-Ni3Mo13S32 on pNi eMo  -13824.57564 0.32 
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Table 7.2 Continued. 
Complex E(Hartree) D (eV) 
H2S-Mo16S34 on eMo -15019.22969 -1.03 
2SH-Mo16S33 on eMo  -15019.21452 -0.62 
H2S-Ni1Mo15S33 on pNi eMo -14722.75808 0.48 
2SH-Ni1Mo15S32 on pNi eMo -14722.75898 0.46 
 
 
 
We study next the HDS reactions of thiophene over MoS2 clusters.  Thiophene 
can undergo both hydrogenation (HYD) as well as direct desulfurization (DDS) pathway 
for HDS reaction.  We focus on both parallel and perpendicular adsorption modes of 
thiophene. Thiophene once adsorbed on MoS2 cluster undergoes successive 
hydrogenation to form 2-hydrothiophene and 2,5-dihydrothiophene.  We obtained the 
binding energy for each case on pristine MoS2 cluster (Table 7.3).  The HYD mechanism 
follows S–C bond scission following the formation of 2,5-dihydrothiophene by hydride-
shift while DDS follows S–C scission immediately after formation of 2-hydrothiophene.  
The binding energy of final products are also calculated and presented in Table 7.3. The 
binding energy of adsorption of reaction intermediates of thiophene HDS are higher for 
parallel adsorption and increases as the reaction progresses.  For perpendicular adsorption 
mode, Mo–S bond length decreases initially from 2.37 Å to 2.31 Å in case of 2-
hydrothiophene but again increases to 2.38 Å. The Mo–S bond length further increases to 
2.43 Å during C–S bond scission.  However in case of parallel adsorption, Mo–S bond 
length decreases from 2.48 Å to 2.39 Å on C–S bond scission.  In some cases (see Figure 
7.9), we observe adsorption of H atoms directly to the Mo-edge. However, since 
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hydrogen is continuously supplied to the reaction system, other hydrogen atoms can 
initiate the HDS reactions via HYD or DDS pathway.  The role of promoters and nature 
of catalytic edges in HDS of thiophene has been studied already in great detail; we focus 
on these effects on HDS of DBT molecules later on in the manuscript.   
 
 
 
   
C4H5S-Mo16S32 on eMo C4H6S-Mo16S32 on eMo C4H7SH-Mo16S32 on eMo 
   
C4H6S-Mo16S32 on eMo  C4H7SH-Mo16S32 on eMo C4H5SH-Mo16S32 on eMo 
Figure 7.9. Reaction intermediates formed during hydrogenation and direct 
desulfurization pathways of thiophene after adsorption on Mo16S32 clusters.  Mo(cyan), 
C(grey), S(yellow), B (pink), Ni(blue), and H(white). 
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T-Mo16S33(SH)2 on eMo C4H5SH-Mo16S32 on eMo C4H5S-Mo16S32H on eMo 
  
C4H5SH-Mo16S32 on eMo C4H6S-Ni1Mo15S33 on pNi eMo 
Figure 7.9 Continued. 
 
 
 
Table 7.3. Energy (E) and Binding Energy (D) of Reaction Intermediates Formed during 
HYD/DDS of Thiophene on Mo16S32 Clusters at the B3PW91/LANL2DZ/6-31G(d,p) 
Level of Theory 
Complex E(Hartree) D (eV) 
C4H5S-Mo16S32 on eMo -14376.92649 -2.12 
C4H6S-Mo16S32 on eMo -14377.54524 -1.66 
C4H7SH-Mo16S32 on eMo -14378.74467 -1.68 
C4H6S-Mo16S32 on eMo -14377.59205 -2.94 
C4H7SH-Mo16S32 on eMo -14378.79312 -3.00 
C4H5SH-Mo16S32 on eMo -14377.58055 -3.53 
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Table 7.3 Continued. 
Complex E(Hartree) D (eV) 
T-Mo16S33(SH)2 on eMo -15173.97291 -1.04
a
 
C4H5SH-Mo16S32 on eMo -14377.57111 -3.11
a
 
C4H5S-Mo16S32H on eMo -14377.49337 -0.99
a
 
C4H5SH-Mo16S32 on eMo -14377.43415 -1.99
a
 
C4H6S-Ni1Mo15S33 on pNi eMo -14877.42608 2.68
a
 
a 
The binding energy is the difference between total energy of products and sum of total energy 
of each reactant molecule in these cases.  
 
 
 
In order to reduce costs of desulfurization processes, it is imperative to develop 
new chemistries to improve efficiency of the catalyst. A favorable effect was observed 
when MoS2 and graphene were combined together in the electrocatalytic process for 
generation of hydrogen in fuel cells.214 In HDS process, γ-alumina is the most commonly 
used support material for MoS2 catalysts. The γ-alumina support tends to form Mo–O–
Al linkages which then require higher sulfiding temperature which can cause sintering 
effects leading to loss of catalytic activity. Graphene on the other hand does not form 
such linkages and the plasmonic properties of graphene can be exploited to improve the 
selectivity and sensing properties of MoS2 clusters. Boron nitride (BN) also form 
hexagonal monolayer like graphite and can be used to tune the electronic properties of 
the MoS2 cluster. Hence, we study the effect of graphene and BN on the catalytic 
activities of MoS2 cluster by calculating the change in adsorption binding energy of 
thiophene. The MoS2/graphene and MoS2/BN complexes with and without adsorbed 
thiophene are shown in Figure 7.10. MoS2 cluster undergo physisorption on both BN and 
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graphene monolayers. The interaction between  MoS2 cluster and graphene is stronger 
than that between MoS2 cluster and BN monolayer as observed from higher binding 
energy (see Table 7.4) as well as the inter-planar distance (Figure 7.10) between the 
clusters and individual BN and graphene monolayers. We also calculated the adsorption 
binding energy of thiophene as a test molecule on MoS2/graphene and MoS2/BN 
complexes. The adsorption binding energy of thiophene changes from -2.77 eV (parallel 
adsorption) and -1.07 eV (perpendicular adsorption) for pristine MoS2 cluster to -2.41 
eV and -1.02 eV respectively in case of MoS2/graphene complex. The Mo–S bond length 
also increases from 2.58 Å (parallel adsorption) and 2.37 Å (perpendicular adsorption) 
for pristine MoS2 cluster to 2.66 Å and 2.39 Å respectively in case of MoS2/graphene 
complex. On the other hand, BN has no such effect on adsorption energetics of 
thiophene. The binding energy for perpendicular adsorption of thiophene however 
increased in case of MoS2/BN complex, but the Mo–S bond length (2.38Å) remain more 
or less unchanged. 
 
 
 
  
B29N29H29 (BN) C58H18 (G) 
Figure 7.10. Adsorption of thiophene (T) on BN promoted Mo16S32 clusters.  Mo(cyan), 
C(grey), S(yellow), B (pink), N(dark blue), and H(white).  
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 Mo16S32---G Mo16S32---BN T-Mo16S32---BN
 
 T-Mo16S32---BN  T-Mo16S32---G    T-Mo16S32---G 
Figure 7.10 Continued. 
 
 
 
Table 7.4. Total (E) and Binding (D) Energy of MoS2 Clusters at the 
B3PW91/LANL2DZ/6-31G(d,p)  
Complex E (Hartree) D (eV) 
B29N29H29 (BN) -2322.81462  
C58H18 (G) -1839.49751  
Mo16S32---BN -16146.20110 -0.13 
Mo16S32---G -15662.89156 -0.33 
T-Mo16S32---BN -16699.20030 -2.76 
T-Mo16S32---BN -16699.14020 -1.14 
T-Mo16S32---G -16215.87753 -2.41 
T-Mo16S32---G -16215.82658 -1.02 
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We now focus on the the adsorption and HDS mechanism of DBT on both 
pristine and Ni-promoted MoS2 clusters.  Attempts are also made to represent the 
reactions occuring under reaction conditions.  DBT can adsorb on Mo-edge using both 
thiophinic ring and phenyl ring depending on available sites as shown in Figure 7.11.  
The binding energy of adsorption is higher when phenyl ring also interacts with Mo 
atoms present on the Mo-edge as indicated in Table 7.5. The calculated Mo–S bond 
length for pristine, sulfur-covered and Ni-promoted MoS2 clusters are 2.45 Å, 2.63 Å 
and 2.42 Å respectively. The binding energy is largest in the case of pristine MoS2 
cluster and least when Mo-edge is covered with sulfur atoms. 
 
 
 
Table 7.5. Total (E) and Binding Energies (D) of Dibenzothiophene (DBT) and MoS2 
Clusters at the B3PW91/LANL2DZ/6-31G(d,p) Level of Theory 
Complex E (Hartree) D (eV) 
DBT -860.08575  
Mo16S32 -13823.38206  
DBT-Mo16S32 (A) -14683.51890 -1.39 
DBT-Mo16S32 (B) -14683.53376 -1.79 
DBT-Mo16S34 -15479.97198 -0.72 
DBT-Ni1Mo15S33 -15183.50790 -1.22 
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DBT   DBT-Mo16S32 (A) DBT-Mo16S32 (B) 
    
DBT-Mo16S34   DBT-Ni1Mo15S33 on pNi eMo 
Figure 7.11. Adsorption of dibenzothiophene (DBT) on unpromoted and Ni-promoted 
Mo16S32 clusters.  Binding energies with thiophene inside parentheses: Mo(cyan), 
C(grey), S(yellow), Ni(blue), and H(white). 
 
 
 
In order to study the two reaction pathways (HYD and DDS), we chose three 
types of MoS2 clusters representing different reaction conditions and nature of surface.  
When S atoms are present on the Mo-edge, we created a single S-vacancy to create 
coordinately unsaturated sites for adsorption and successive reaction steps of the HDS of 
DBT. Like thiophene, DBT undergoes hydrogenation to form 2,3-
dihydrodibenzothiophene.  The Mo–S bond length remains unchanged within ±0.01 Å for 
pristine and Ni-promoted MoS2 clusters on hydrogenation. In case of sulfur-covered Mo-
edge, Mo–S bond length reduces by 0.03 Å on hydrogenation.  Once hydrogenated, DBT 
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can undergo successive hydrogenation along HYD pathway or undergo S–C scission 
along DDS pathway.  The binding energy increases as the phenyl ring undergoes 
successive hydrogenation for all three types of clusters.  During HYD pathway, DBT can 
undergo further hydrogenation of phenyl ring or undergo S–C bond scission leading to 
mixture of products.  On the other hand, DDS of DBT leads to biphenyl as final 
product.244 
 
 
 
  
C12H10S-Mo16S32  C12H10S-Mo16S34  C12H10S-Ni1Mo15S33 
   
C12H12S-Mo16S32 C12H12S-Mo16S34 C12H12S-Ni1Mo15S33 
Figure 7.12. Hydrogenation and direct desulfurization pathways of DBT after adsorption 
on Mo16S32 clusters: prehydrogenation of phenyl ring (a-c), second hydrogenation step 
(d-f), C-S bond scission in HYD (g-i), C–S bond scission in DDS pathway following 
prehydrogenation step.  Mo(cyan), C(grey), S(yellow), B (pink), Ni(blue), and H(white). 
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C12H11SH-Mo16S32 C12H11SH-Mo16S34 C12H11SH-Ni1Mo15S33 
  
 C12H9SH-Mo16S32 C12H9SH-Mo16S34 C12H9SH-Ni1Mo15S33 
   
C12H9S-Mo16S32H C12H9S-Mo16S32H C12H8SH-Mo16S34H 
Figure 7.12 Continued 
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 C12H8-Mo16S34H2 C12H8SH-Ni1Mo15S33H 
Figure 7.12 Continued. 
 
 
 
Table 7.6. Energy (E) and Adsorption Binding Energy (D) of Reaction Intermediates 
Formed During HYD/DDS of DBT on Mo16S32 Clusters at the B3PW91/LANL2DZ/6-
31G(d,p) Level of Theory 
Complex E(Hartree) D(eV) 
C12H10S-Mo16S32 -14684.71150 -2.07 
C12H10S-Mo16S34 -15481.15141 -1.04 
C12H10S-Ni1Mo15S33 -15184.68600 -1.51 
C12H12S-Mo16S32 -14685.94496 -2.14 
C12H12S-Mo16S34 -15482.38362 -1.08 
C12H12S-Ni1Mo15S33 -15185.91935 -1.57 
C12H11SH-Mo16S32 -14685.90314 -2.10 
C12H11SH-Mo16S34 -15482.34015 -0.99 
C12H11SH-Ni1Mo15S33 -15185.87351 -1.42 
C12H9SH-Mo16S32 -14684.72455 -2.04 
C12H9SH-Mo16S34 -15481.16172 -0.94 
C12H9SH-Ni1Mo15S33 -15184.68948 -1.22 
C12H9S-Mo16S32H -14684.71430 -1.88
a
 
C12H9S-Mo16S32H -14684.75806 -3.07
a
 
C12H8SH-Mo16S34H -15481.11273 0.28
a
 
C12H8-Mo16S34H2 -15481.11577 0.20
a
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Table 7.6 Continued. 
Complex E(Hartree) D(eV) 
C12H8SH-Ni1Mo15S33H -15184.64031 0.01
a
 
a
The binding energy is the difference between total energy of products and sum of total energy of 
each reactant molecule in these cases. 
 
 
 
7.4 Conclusions 
Molecular dynamics performed on hydrocarbon mixture containing thiophenes 
and dibenzothiophenes show that these sulfur-compunds diffuses from bulk to the MoS2 
catalytic   edges.  MoS2/graphene complex shows improvement over pristine MoS2 
cluster for adsorption of thiophene. A comprehensive analysis of HDS reaction 
mechanism has been presented using Mo16S32 cluster model approach starting from 
activation of hydrogen and adsorption of sulfur compunds.  Under typical HDS 
conditions, Mo-edges are covered with sulfur atoms and therfore vacancies are needed 
for adsorption of sulfur compounds.  Both hydrogenation and direct desulfurization 
pathways proceed first by hydrogenation step. The adsorption binding energies of 
thiophene, DBT and the reaction intermediates reduce when the Mo-edges are promoted 
with nickel atoms. 
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CHAPTER VIII  
SUMMARY AND CONCLUSION 
 
We studied in a great detail solvation of the actinide complex in water using 
polarizable continuum model.119 Our results show that Pu(IV) ion has a higher tendency 
than the Th(IV) ion to form inner sphere complex with counterions119. Most of the ab-
initio calculations also indicate that the radionuclides have a strong tendency to form 
complexes with common counter-ions present in nuclear waste water.2,8,37 We 
demonstrated that counter-ions if present can replace water molecules in the first 
coordination shell of U(VI), Pu(IV,VI), Eu(III) and Th(IV) ions and hence they are less 
likely to exist in the form of completely dissociated cation solvated by water molecules. 
In a very dilute system, however, these ions can exist in completely solvated forms. 
Thus, quantum chemistry calculations can help us to understand the mechanism of 
complexation for these radionuclides with graphene-based materials.  
The current-voltage curves were obtained using a combination of Greens function 
and DFT to test the applicability of graphene-based nanosensor for detection of 
radionuclides in nuclear waste water. Graphene nanosheets need to be functionalized to 
act as an effective sensor for U/Pu complexes as indicated by MEPs calculated from ab-
initio DFT calculations. Since graphene oxide (GO) has a higher affinity for U and Pu 
complexes,25 we used three types of GO: (a) GO with two –OH and one –O– functional 
groups present (type I), (b) GO containing a carbonyl functional group (type II), and (c) 
GO containing a carboxylic functional group (type III), to study their interactions with 
 160 
 
plutonium complexes. Our calculations show significant reduction in current values for 
GO containing –CO functional group as compared to a pristine graphene as well as type I 
and type III GOs  in the presence of Pu complex. The plutonium nitrate complex causes 
localization of HOMO and LUMO which results in 1/6th order reduction in average 
conductance after exposure to the radionuclide complex. Similar trends were observed for 
Eu(III) and U(VI) aquo-nitrate complexes.  
Experiments conducted using a graphene sheet (grown using CVD) on a silicon 
oxide wafer showed promising results when tested with Eu(III) nitrate solution. A 
noticeable change in conductance was observed at high gate voltage.264 The change in the 
conductance can be explained qualitatively using molecular orbitals (MO) and charge 
transfer between europium complex and the graphene sheet. Our calculations showed that 
although the conductance of graphene remained unchanged when exposed to neutral 
Eu(III) nitrate complex, the conductance of the graphene nanojunction increased when 
the complex was positively charged. In dilute solutions, the complexes are likely to be 
present in dissociated form, and therefore, positively charged complexes can directly 
interact with graphene junctions. We expect the conductance to reduce even more in case 
of GO(type II) when exposed to charged moieties. 
 The challenge will then be to regenerate this material for next application. The 
radionuclide can be recovered however by burning the material or likewise29. The 
challenge however exists in making these sensors target-selective. GO has a higher 
affinity for heavy metals like Co(II), and Cd(II) ions,34 which are heavily abundant in 
nuclear power plants. More sorption experiments are needed to confirm the selectivity of 
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GO in presence of heavy ions. Another major challenge is in synthesizing this material at 
large scale with low cost.  
Using molecular dynamics study, we showed an application of DNA origami for 
biosensing applications. The biosensor assembly consisted of two known thrombin 
binding aptamers TBA26 and TBA29 tethered to a reactangular shaped DNA origami 
with a specific target to detect thrombin, an enzyme responsible for blood coagulation. 
We estimated the binding affinities based on relative energy of interaction between nuclic 
acids and thrombin residues. TBA29 showed a higher binding affinity towrads thrombin 
than TBA26 since it utilized both its duplex and quadruplex motifs to bind with thrombin. 
TBA26 on the other hand attached to thrombin through its quadruplex structure only. 
TBA26 preferred exosite I while TBA29 preferred exosite II present on thrombin.  The 
two aptamers attached to the DNA origami assembly have better binding affinity to 
thrombin than the corresponding binding of the two aptamers without the origami, 
meaning that the origami boosted each individual aptamer binding to thrombin.   
Molecular dynamics performed on hydrocarbon mixture containing thiophenes 
and dibenzothiophenes show that these sulfur-compunds diffused from bulk to the MoS2 
edges showing the catalytic nature of the MoS2 edges. MoS2/graphene complex showed 
improvement over pristine MoS2 cluster for adsorption of thiophene as observed from 
reduction in binding energy. A comprehensive analysis of HDS reaction mechanism was 
presented using Mo16S32 cluster model approach starting from activation of hydrogen 
and adsorption of sulfur compunds. Under typical HDS conditions, vacancies were 
needed for adsorption of sulfur compounds on Mo-edges.  Both hydrogenation and direct 
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desulfurization pathways proceeded first by hydrogenation step. Doping Mo-edges with 
nickel atoms reduced the adsorption binding energies of thiophene, DBT and the 
reaction intermediates. 
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